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kon ik rekenen op de steun en hulp van zeer fijne collega’s binnen S&P. Vooral
Tine, David en Ami, bedankt om mijn theoretische kennis over alles wat met
bacteriën te maken heeft om te zetten in praktische kennis.
Sandra, zonder jou was mijn paper waarschijnlijk nog altijd niet aanvaard
en was ik nu ongetwijfeld nog de inleiding van mijn doctoraatsthesis aan het
schrijven. Dank u om mij te motiveren in de laatste stappen van het doctoraat.
De synthetische biologische basis is mij bijgebracht door Lyn, die ik daar dan ook
voor wil bedanken. Alsook voor alle congresmomenten in exotische en minder
exotische locaties. En uiteraard ook om mij te introduceren in de wereld van de
bacteriële doolhoven waarbij we zeer veel hebben bijgeleerd over verdamping en
sealing (en veel hebben kunnen roddelen).
Ook de rest van S&P wil ik graag bedanken voor de sfeer in het labo, leuke
laboweekends en gezellige etentjes, bedankt dus Lise, Elke V, Elke L, Stefanie,
Elien, Ilse, Kenny, Ansie, Marijke, Cynthia, Hanne, Ingmar, Hans, Irina en
Kai. Nog een extra bedankt aan Stijn voor de laatste naleessessies en om mij te
helpen het mannelijk tegengewicht te vormen tijdens de trip naar Cork. Aurélien,
bedankt om steeds klaar te staan met uitgebreide plannen over het verloop van
jouw masterthesis. Je onderwerp was allesbehalve traditioneel maar we hebben
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Voorts nog een speciale vermelding voor mijn bureaugenoten. Ik heb over de
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iets sterker. Waarschijnlijk omdat we toevallig met vier tegelijk ons doctoraat
hebben afgewerkt, bedankt voor al de steun- en lachmomenten Mariya, Bram,
Kim en Patrizia. Bedankt ook Kim voor het opsommen van alle administratie
die ik anders ongetwijfeld vergeten zou zijn, bedankt Bram voor alle hulp met
statistiek en om samen met mij Kim te ambeteren. Natuurlijk ben ik onze
bureau-postdoc ook heel dankbaar, dank u Mariya om ons bij te staan met
wijze raad en nodige verluchting in stressmomenten. Jouw afwezigheid in de
bureau was uiterst merkbaar tijdens je verblijf in Canada, ik ben dan ook zeer
blij dat je net op tijd terug was voor mijn laatste weken.
Ik heb over de jaren ook veel plezier beleefd op het CMPG. Feestjes, festivals,
sportwedstrijden, loopwedstrijden, etentjes, recepties, spelletjesavonden, WK-
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Recent research has shown that the increased use of oral contraceptives leads
to an accumulation of steroid hormones in surface water all over the world.
Both animals living in surface waters and human beings are possibly affected
by the presence of these steroid hormones. In order to gauge the severity of the
problem, an adequate sensor for steroids hormones is necessary since as of now,
no in situ sensors are available.
Bacteria, engineered to detect specific molecules, so-called bioreporters offer an
elegant solution for the detection of steroid hormones. They are rapid, easy
to use systems that produce a measurable signal in the presence of specific
molecules, mostly environmental pollutants.
A bioreporter that is integrated with a transducer that can measure the signal the
bioreporter is emitting, is called a biosensor and can be used as a self-contained
analytical measuring system.
This work describes the development of four different whole-cell bacterial
hormone bioreporters. Two auxin bioreporters were constructed as a proof
of principle using the HpaA transcription factor as input module. HpaA,
a transcriptional regulator from Escherichia coli, was combined with two
different output modules resulting in a GFP-producing fluorescent bioreporter
and a pyocyanin-producing bioreporter. The latter was integrated with a
multielectrode array to result in an electrochemical biosensor.
Both the fluorescent auxin bioreporter and the electrochemical auxin biosen-
sor are able to dose-responsely detect auxins 2-phenylacetic acid and 4-
hydroxyphenylacetic acid concentrations as low as 31 µM for the fluorescent
biosensor and 2 µM for the electrochemical biosensor. Indole-3-acetic acid
cannot be detected by either biosensor.
To construct the two steroid hormone bioreporters, transcriptional regulator




The GFP-producing steroid hormone bioreporter is able to dose-responsely
detect testosterone concentrations as low as 250 µM, and 17β-estradiol , 17α-
ethinylestradiol, estrone and progesterone concentrations as low as 1 mM.
A functional pyocyanin-producing steroid hormone bioreporter could not be
constructed.
The biosensors constructed in this work are able to dose-responsely detect
auxins and steroid sex hormones. However, the limit of detection is relatively
high and can still be improved in the future.
Samenvatting
Recent onderzoek heeft aangetoond dat het groeiend verbruik van orale
contraceptiva leidt tot een opstapeling van steroïdhormonen in oppervlaktewater
overal in de wereld. Zowel dieren die in oppervlaktewater leven als mensen
die dit water dagelijks gebruiken, worden dan ook mogelijk beïnvloed door
de aanwezige steroïdhormonen. Om de grootte van het probleem te kunnen
inschatten is er nood aan een aangepaste methode om de concentratie van
steroïdhormonen in oppervlaktewaters te bepalen. Momenteel gebeurt dit met
behulp van massaspectrometrie en chromatografie maar een in situ sensor dringt
zich op.
Bacteriën die zodanig gemodificeerd zijn dat ze specifieke moleculen kunnen
detecteren, ook wel bioreporters genoemd, bieden een elegante oplossing voor
het detecteren van steroïdhormonen. Het zijn snelle, eenvoudig te gebruiken
systemen die een meetbaar signaal produceren in de aanwezigheid van specifieke
moleculen, meestal milieuvervuilende chemicaliën.
Wanneer men een bioreporter integreert met een transductor, die het signaal dat
de bioreporter produceert kan detecteren, spreekt men van een biosensor. Een
biosensor kan gebruikt worden als een onafhankelijk analytisch meetsysteem.
Deze studie beschrijft de ontwikkeling van vier verschillende cellulaire bacteriële
hormoonbioreporters. Vooreerst zijn er twee auxinebioreporters ontwikkeld
als een proof of principle door de transcriptiefactor HpaA als inputmodule
te gebruiken. HpaA, afkomstig van Escherichia coli, werd gecombineerd met
twee verschillende output-modules. Dit resulteerde in een GFP-producerend
fluorescente bioreporter en een pyocyanine-producerende bioreporter. De laatste
is dan geïntegreerd met een microelectrode om een elektrochemische biosensor
te bekomen.
Beide auxinebioreporters kunnen de auxines fenylacetaat en hydroxyfenylacetaat
concentraties vanaf 31 µM voor de fluorescente bioreporter en vanaf 2 µM voor




Voor de constructie van de twee steroïdhormoonbioreporters werd transcriptie-
factor RepA van Comamonas testosteroni gecombineerd met een GFP-en een
pyocyanine-outputmodule.
De GFP-producerende steroïdhormoonbioreporter kan testosteron detecteren
vanaf een concentratie van 250 µM, en 17β-estradiol, 17α-ethinylestradiol,
estron en progesteron vanaf 1mM. Een functionele pyocyanine-producerende
steroïdhormoonbiosensor kon niet ontwikkeld worden.
The bioreporters ontwikkeld tijdens deze studie vertonen een dosis/respons
relatie bij het detecteren van auxines en steroïdhormonen. Maar voor alle
reporters ligt de detectielimiet redelijk hoog en deze moet in de toekomst nog
verbeterd worden.
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Scope and outline of the
thesis
The scope of this thesis is the design and construction of four different whole-cell
bacterial hormone bioreporters. Two proof of principle bioreporters for the
detection of auxins, a type of plant hormone, with a relatively easy signaling
pathway. Additionally, two bioreporters for the detection of steroid hormones,
a type of animal hormone, with a more difficult signaling pathway were also
constructed. For each type of hormone two different bioreporters were developed,
one with a fluorescent output system and one with an electrochemical readout.
The fluorescent output system utilizes the gfp gene and the electrochemical
readout is based on the production of pyocyanin. The detection of produced
pyocyanin of the electrochemical bioreporters is done using a multielectrode array.
The integration of the pyocyanin producing bioreporter with the multielectrode
array therefore results in a steroid hormone detecting biosensor.
Chapter 1 introduces bioreporters and biosensors, the spread and effects of
steroid hormones. The chapter is concluded with a summary of current detection
methods for hormones.
In chapter 2, all materials and methods used in the construction of the
bioreporters and the analysis of the results are listed.
The design and construction of the two whole-cell bacterial auxin bioreporters
is outlined in chapter 3, followed by the description and discussion of the
results obtained using the bioreporters. Both the fluorescent bioreporter and
the electrochemical auxin biosensor are functional.
1
2 CONTENTS
Chapter 4 describes the design and construction of the two whole-cell bacterial
steroid hormone bioreporters. The chapter is concluded with the description
and discussion of the results obtained using the fluorescent steroid bioreporter.
The electrochemical steroid hormone biosensor is not functional.
In chapter 5 the function of the bioreporters described in chapters 3 and
4 are compared to the function of the traditional methods and existing
bioreporters/biosensors described in chapter 1. Followed by a brief look into the
ethics of using genetically modified organisms for environmental applications




Bioreporters are microorganisms engineered to produce a signal after detecting
the presence of specific molecules, mostly environmental pollutants. When these
bioreporters are integrated with a transducer that can measure their signal in a
self-contained analytical system they are called biosensors. Currently a large
number of bioreporters and biosensors exist that can detect many environmental
pollutants.
Steroid sex hormones, a type of animal hormones, have become an environmental
pollutant over the last decades due to the increased use of oral contraceptives.
Steroid sex hormones have an undeniable detrimental effect on animal live
it comes into contact with. Yet, their identification and characterization in
environmental samples is rather cumbersome at the moment. The most widely
used method to measure the severity of sex steroid pollution in water bodies
is mass spectrometry, often in combination with chromatography. This is an
expensive and laborious process, therefore alternatives are being researched.
Consequently, the development of a steroid hormone bioreporter is described in
this work.
Plant hormones on the other hand, more specifically auxins, have become
an indispensable addition to fertilizers because of their beneficial effects on
plant growth. In addition, the detrimental effects on the environment are
negligible as compared to traditional fertilizers, which are very high in nutrients.
Simultaneously with the development of the steroid hormone bioreporter, an
auxin bioreporter was developed as a proof of principle.
3
4 GENERAL INTRODUCTION
This chapter opens with information on bioreporters and biosensors. This is
followed by the spread of steroid hormones in the environment. Next, the effects
of both plant and steroid hormones are described, followed by a description of
the exisiting methods of detection for environmental hormones. This information
forms the background for the development of a whole-cell bacterial hormone
bioreporter.
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1.2 Sensing the environment
1.2.1 Bioreporters
Engineered bacteria that measure chemicals of environmental concern, so-called
bioreporters, have slowly grown in popularity in the last two decades and
a half. Their origins can be found in bacterial-based assays, dating back
to at least 1973 with the development of the Ames test [4]. This test uses
Salmonella typhimurium bacteria to test the potential mutagenicity of a chemical.
In the years following, researchers have gone one step beyond by genetically
engineering bacteria, creating bioreporters designed to measure concentrations of
polluting chemicals. One of the first engineered bioreporter was a bioluminescent
naphtalene detector [91]. Since then a wide range of genetic components for
use as sensor elements and reporter molecules were discovered and developed
[1, 6, 32, 184].
Figure 1.1: Concept of a bacterial bioreporter. (A) Deoxyribonucleic Acid
(DNA) parts and their respective proteins necessary for the construction of a
bioreporter. (B) Concept of a bioreporter whereby the regulator protein binds
the analyte and induces the transcription of the reporter gene. (C) Concept of
a bioreporter whereby the analyte is detected by a periplasmic receiver protein
that transmits the signal via a signaling cascade to the regulatory protein.
Finally, the regulatory protein induces the transcription of the reporter gene.
Adapted from Tecon and van der Meer [191].
In essence, bacterial bioreporters are living microorganisms that respond to
changes in the environment by producing a specific, measurable signal (Fig.
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1.1) [206]. The most commonly used measurable signals or reporter molecules
are green fluorescent protein (GFP), bacterial luciferase, firefly luciferase, β-
galactosidase, β-glucuronidase, catechol 2,3-dioxygenase and the ice nucleation
protein, InaZ [100], each with its own advantages and disadvantages. The choice
of reporter molecule is dependent on the intended application of the bioreporter.
For example, luciferases are a good choice for highly sensitive applications
because of their high quantum yields [191].
The bioreporter can only respond to changes in the environment if it possesses
a way to detect these changes. To do this, bioreporters produce regulatory
proteins that can bind to specific chemicals and transduce the binding event to
transcription of the reporter genes. Since different bacteria species have evolved
to adapt to different environments, many regulatory proteins can be found for
the detection of specific chemicals (e.g.: XylR for the detection of benzene,
toluene and xylene; ArsR for the detection of arsenite and antimonite [205]). The
existence of these regulatory proteins has led to the construction of bioreporters
such as a bioreporter for toluene-based pollutants, using transcriptional activator
XylR [218], a phenol-detecting bioreporter by using regulator DmpR [174],
bioreporters that detect arsenic in rice, making use of transcriptional repressor
ArsR [15] and a bioreporter for the tetracycline group of antibiotics that uses
repressor TetR [95].
Traditional analytical methods such as mass spectrometry or chromatography are
able to selectively detect concentrations of analytes in the nM range while most
published bacterial bioreporters do not perform well at concentrations below 0.1
µM [206]. Despite a lower sensitivity as compared to traditional methods,
bioreporters show much promise in monitoring environmental pollutants.
Foremost, they are very cost-effective and relatively easy to use because of their
small size, rapidity of operation and continuous detection capabilities [29] . In
contrast to analytical instruments that measure only the total concentration
of the analyte in a sample, bacterial bioreporters detect the fraction which
is available to the organism, the bioavailable fraction. Since the bioavailable
fraction is the fraction of the total concentration of pollutant that will have
an impact on living organisms, the determination of the bioavailable fraction
is more interesting than the total concentration since the total concentration
might overestimate the risks [67]. The discrepancy between the total and the
bioavailable fraction will be larger for analytes with poor aqueous solubility
[191].
The results obtained with an ideal bioreporter describe a dose-response
relationship between the bioreporter and the analyte that is to be measured.
The expression of the reporter molecules should therefore be equivalent to the
amount of analyte present.
Limitations of using bioreporters include the need for nutrients to survive and
the need for adequate time to express the proteins responsible for the biological
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signal [135].
1.2.2 Biosensors
Integrating a bioreporter with a transducer capable of measuring the signals
the reporter is emitting, results in a biosensor that can be used as a self-
contained analytical measuring system (Fig. 1.2) [29, 135, 191]. Biosensors
that use complete unicellular bioreporters as a reporter are referred to as whole-
cell biosensors. In whole-cell biosensors, the signal produced by the bacterial
bioreporter is typically either optical or electrochemical [29]. Examples of
whole-cell biosensors include the use of unicellular algae Chlorella vulgaris that
produce fluorescence in response to herbicides [207]. By suspending the algae on
a rotating support of a homemade flow cell underneath the tip of an optical fibre
bundle a fibre-optic biosensor was created (Fig. 1.3). Trögl et al. describe an
optical biosensor that consists of immobilized Pseudomonas fluorescens HK44
cells that produce bioluminescence in the presence of napthalene and salicylate
[196].
These examples show that biosensors have much future potential and present
an opportunity for cost-effective and easy to use detection of environmental
pollutants. Of these pollutants, steroid sex hormones form a growing ecological
danger due to their increased spread throughout the environment. The
construction of a steroid hormone detecting bioreporter and/or biosensor would
greatly increase the ability to quantify the bioavailability of steroid hormones,
which is a measure for the effects steroid hormones potentially have on living
organisms.
1.2.3 Types of assays performed using bioreporters and
biosensors
Several type of measurements can be performed in bioreporter or biosensor
assays [191, 205], two of which are shown in figure 1.4. The first type of
measurement (Fig. 1.4–A) takes end-point measurements at time t as a function
of different analyte concentrations. Analyte concentrations in unknown samples
can be quantified by interpolating their induced signal using the calibration
curve. In the second type of measurement (Fig. 1.4–B), concentrations C1
and C2 are different kind of analyte concentrations whose concentrations are
measured in function of time.
The first type of measurements shows the dose-response relationship between the
organism and the analyte. The respective figure shows the change in effect on the
organism in function of the concentration of analyte. Such curves are typically
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Figure 1.2: Generalized schematic of a biosensor. Sample containing to be
detected analyte is brought into contact with the bioreceptor. The binding of
analyte and bioreceptor is transduced as a measurable signal to a detector or
recording device. Adapted from Newman et al. (2006) [133].
Figure 1.3: Experimental set-up of the algal optical biosensor for continuous
toxicity assessment. Adapted from Védrine et al. (2003) [207].
sigmoidal and show both a lower plateau, representing the lower treshold
concentration needed to exert an effect, and an upper plateau, representing
the upper treshold concentration above which effects are no longer seen. A
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Figure 1.4: Two type of measurements that may be performed in bioreporter or
biosensor assays. A. End-point measurements at time t are taken as a function
of different analyte concentrations. B. Concentrations C1 and C2 are different
kind of analyte concentrations whose concentrations are measured in function
of time. Adapted from Tecon and van der Meer (2003) [191].
dose-response relationship in the data of the measurements is a prerequisite for
an adequate bioreportor or biosensor.
1.3 Spread of steroid sex hormones in the environ-
ment
Both natural and synthetic steroid sex hormones (progestogens, androgens
and estrogens) are readily released in the environment because of their
use as medication [120]. Excreted by humans, spread through municipal
wastewater, but also excreted by domesticated animals, spread through manure
[13, 94, 175, 229].
Currently, steroid hormones are not considered a priority substance and as
such were not assigned an environmental quality standard by the European
Union (EU) [51]. This means that no regulations concerning maximum
allowed concentrations of steroid hormones in surface waters exists in Europe.
Nevertheless, in 1981 the EU prohibited the use of substances having a
hormonal action for growth promotion in farm animals (including testosterone,
progesterone and 17β-estradiol) [47]. The threat of steroid hormones to
public health is therefore acknowledged. Similarly, other endocrine disrupting
chemicals, such as bisphenol A (BPA), are being reviewed for possible
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identification as priority substance, even though BPA is less potent than steroid
hormones [19, 214]. A possible reason for this is the seemingly bigger spread
of BPA in surface waters, as compared to steroid hormones. However, steroid
hormones are often not detected due to poor limits of detections [19, 108]. Both
BPA and steroid hormones are therefore to be found in a large number of surface
waters in Europe but only BPA is considered to be a threat, although steroid
hormones are more potent than BPA. Evidently, more research is needed to
elucidate the possible risks and better detection methods are needed to perform
this research.
According to the world urbanization prospects from the United Nations
Department of Economic and Social Affairs [201], Belgium is the 15th most
urbanized country in the world with 97.5% of the total population living in
urban areas. In Europe 73.6% of the total population lives in urban areas and
worldwide 54% of all people live in urban areas.
In 2003 the United Nations released their first World Water Development Report.
In this report Belgium was ranked last, in the entire world, based upon the
quality of its surface water [45, 199]. The European Water Framework Directive
is a EU directive which commits EU members to improve both quality and
quantity of their water bodies by 2015. Its third implementation report was
published in 2012, summarising 2009’s data, and shows that 16% of Belgium’s
natural surface water bodies is of poor quality with respect to chemical pollution
(the status of 44% of water bodies is unknown so this number can be far higher
than 16%), likewise 73.8% of Belgium’s groundwater is of poor quality [48].
Because of this, Belgium (Flanders) still contains the most polluted water bodies
in Europe [49].
In general, 74% of Europe’s groundwater bodies were reported to be in good
chemical status (expectation for 2015: 80%) [50]. Worldwide, improvements in
water quality and quantity are being made, partially due to local and overarching
directives, but there is still a long way to go [200].
There are a number of reasons for Belgium’s bad water quality. Foremost a
historical lag in the implementation of sewage treatement and a fragmented
accountability for water provision [76]. Brussels’ first sewage treatment plant,
for example, was built in 2000, up until then all wastewater was released into
the river Zenne [7]. Nowadays there are two sewage treatment plants in Brussels
and general efforts are being made in Belgium to improve the water quality [46].
Neverthless, the steroid hormone concentrations in water bodies in Flanders,
as measured by Dienst Milieurapportering - Afdeling Lucht, Milieu en
Communicatie - Vlaamse Milieumaatschappij, are rather high, as shown in
table 1.1. The concentrations of estrone (E1) and 17β-estradiol (E2) are
relatively high, especially considering concentrations as low as 1 ng/L can have
inconvertible effects [94, 209]. The results shown in table 1.1 are from the most
recent measurements, performed in 2010. Because the measurements are so
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labour-intensive, they are only performed every 5–10 years. Additionally, the
samples were only taken from surface waters, there are no plans to examine
samples of groundwater. This prevents us from forming a clear image of the
scope of steroid hormone pollution in water bodies in Flanders.
Table 1.1 also shows the predicted-no-effect concentrations (PNEC) derived
by Caldwell et al. to compare measured concentrations of estrogens to
concentrations that are expected to elicit health-threatening responses. These
PNECs are based upon in vivo vitellogenin induction in different fish species.
They mentioned values of 6ng/L for estrone, 2ng/L for 17β-estradiol, 60ng/L
for estriol (E3) and 0.1ng/L for 17α-ethinylestradiol (EE2) [27]. These values
indicate that only low concentrations of exogenous hormones are needed to pose
a threat to living organisms. And even though estrogens are poorly soluble in
water they can be found in wastewater, surface water, groundwater and even
in drinking water [150] in far greater concentrations than the PNEC values
[193, 228], even in water bodies in Flanders (Table 1.1). It should be noted that
the PNEC values are based upon total concentration, not on the bioavailable
concentration. The steroid hormone concentration that actually exerts an effect
on the fish is therefore slightly lower.
Table 1.1: Mean and highest measured concentrations of estrone (E1), 17β-
estradiol (E2), estriol (E3) and 17α-ethinylestradiol (EE2) measured in
surface waters in urban areas spread over Belgium in 2010. Comparison
to predicted-no-effect concentrations (PNEC). Measurements performed by
Dienst Milieurapportering - Afdeling Lucht, Milieu en Communicatie - Vlaamse
Milieumaatschappij.
Hormone Mean±SD Highest PNEC
E1 4.90±9.19 ng/L 56.8 ng/L 6 ng/L
E2 0.78±2.57 ng/L 25 ng/L 2 ng/L
E3 <0.08±0 ng/L <0.08 ng/L 60 ng/L
EE2 0.08±0.02 ng/L 0.25 ng/L 0.1 ng/L
Endocrine disrupting compounds
Environmental sex steroid hormones can be classified as endocrine disrupting
compounds (EDC) because of their endocrine disrupting properties. The World
Health Organisation defines an EDC as follows: ’An EDC is an exogenous
substance or mixture that alters function(s) of the endocrine system and
consequently causes adverse health effects in an intact organism, or its progeny,
or (sub) populations.’ [18]. Various other chemicals are also classified as EDC.
These chemicals show hormone-like properties, usually because they bind to
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certain hormone receptors [235]. Examples of non-hormone EDC include BPA
[127] and alkylphenols [77].
The detection of non-hormone EDC is outside the scope of this work.
1.4 Effects of exogenous hormones
1.4.1 Effects of exogenous steroid hormones
Introduction to steroid hormones
Steroid hormones are hormones that possess the basic structure of four carbon
rings known as the steroid nucleus (Fig. 1.5). Cholesterol is a naturally
occurring steroid and as such all vertebrate steroid hormones are synthesized
from cholesterol. They are primarily synthesized in the gonads, the placenta, the
adrenal cortex and the brain. In addition, depending on the function, further
modifications may occur elsewhere in the body [136].
Steroid hormones play a vital role in several processes in the human body,
including metabolism, salt and water balance, inflammation and sexual
development. Besides the naturally occurring steroid hormones, synthetic steroid
hormones, like 17α-ethinylestradiol, have been developed to control specific
hormonal pathways (e.g. 17α-ethinylestradiol prevents follicular development
and ovulation) [165]. Hormone effects are mediated by binding to specific
receptors [136].
Steroid hormones are divided into five groups based upon the type of receptor
to which they bind (Fig. 1.5). The androgens (e.g. testosterone (Fig. 1.5–A)),
estrogens (e.g. 17β-estradiol (Fig. 1.5–B)) and progestogens (e.g. progesterone
(Fig. 1.5–C)) bind to the androgen receptor, estrogen receptor and progesterone
receptor respectively. The glucocorticoids, for example cortisol (Fig. 1.5–D),
bind to the glucocorticoid receptor. Mineralocorticoids like aldosterone (Fig.
1.5–E) bind to the cytosolic mineralocorticoid receptor.
Since steroid hormones are active in processes that govern the development
and reproduction of animals and humans it is important to minimize the risks
associated with faulty hormone signal transduction. Therefore, the amount of
exogenous hormones, or analogous molecules, entering the body from outside
should be kept to a minimum because they might cause developmental problems
[204]. Some of the effects caused by exogenous steroid hormones are listed below.
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Figure 1.5: Chemical structures of best known members of each steroid
hormone group. A. Testosterone (Androgens) B. 17β-estradiol (Estrogens)
C. Progesterone (Progestogens) D. Cortisol (Glucocorticoids) E. Aldosterone
(Mineralocorticoids).
Glucocorticoids
Corticosterone is a glucocorticoid involved in regulation of energy, immune
reactions and stress responses in amphibians, rodents, reptiles and birds,
whereas cortisol is the primary glucocorticoid in humans which regulates
glucose metabolism and inflammation.
In order to study depression and potential antidepressants, a depression model
was developed in mice and rats by administering exogenous corticosterone
[75, 119]. In this model, subcutaneous corticosterone pellet (1, 2 or 5 mg)
implantation causes a constant elevation of plasma corticosterone levels. These
elevated corticosterone levels in turn reduce hippocampal cell proliferation
and cause the emergence of a "depressed" phenotype [131]. In humans
too, a dysregulation of the hypothalamic–pituitary–adrenal axis (in which
glucocorticoids are active) has been implicated in major depressions [85, 139].
Dexamethasone and prednisone are synthetic glucocorticoids used in the
treatment of acute lymphoblastic leukemia. Dexamethasone is preferred because
of the higher anti-leukemic activity but both glucocorticoids are also known
for their wide range of side effects. Especially dexamethasone induces more
neuropsychological, mood and behaviour altering effects [213].
Furthermore both cortisol and corticosterone are known to cause an increase
in adipose tissue when chronicly present [149, 160]. And while glucocorticoids
are often prescribed as a drug to suppress various allergic, inflammatory and
autoimmune disorders, a prolonged use can lead to dire effects including diabetes
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[97, 99], osteoporosis [216], hypertensia and many more [147].
Mineralocorticoids
Mineralocorticoids like aldosterone and deoxycorticosterone are mainly
active in the regulation of salt and water balance and in the regulation of blood
pressure by acting on the distal tubules of the kidneys. Evidently this means
that imbalances in mineralocorticoid levels will disrupt blood pressure which
can lead to vascular disease, heart attack and even strokes [101].
In combination with angiotensin II, aldosterone has been known to induce
hypertension by acting through the central nervous system [223]. Elevated
levels of aldosterone, either through hyperaldosteronism (elevated endogenously)
or through exogenous intake, causes damage to cardiovascular tissues [162]
leading to hypertension, vascular inflammation [25] and can even lead to heart
failure [130].
Progestogens
Progestogens are compounds that maintain pregnancy but they are also present
during other phases of the estrous and menstrual cycles. Because of their role in
these cycles, progestogens are used in combination with estrogens as a combined
oral contraceptive pill. The role of progestogen in this is the inhibition of the
follicle development and the inhibition of production of other necessary hormones,
this prevents ovulation [161]. Progestogens are taken daily by women all over
the world [202]. And because of the nature of the cycles in which progestogens
are involved, caution is advised. For example both progesterone and 17α-
hydroxyprogesterone were shown to contribute to high blood glucose levels
during pregnancy (gestational diabetes mellitus) [9, 159].
Post-menopausal women often undergo hormone replacement therapy (HRT),
whereby the hormone levels are artificially boosted to alleviate the symptoms
caused by diminshed circulating levels of estrogens and progestogens. Both
estrogen- and estrogen-progestogen-HRT exist. Research has shown that
estrogen-progestogen-HRT increases breast cancer risk [98, 115, 163] as compared
to estrogen only-HRT. But these results may not tell the whole story and further
research is undoubtedly needed since more recent studies proved that attributes
like race, weight and breast density, a measure for the proportion of the different
tissues that make up a woman’s breasts, also contribute to the risks [71].
Estrogen-progestogen-HRT might therefore be more suitable for some women
than for other.
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Androgens
Androgens are described as the compounds that stimulate development and
maintenance of male characteristics. This includes the activity of male sex
organs and development of male secondary sex characteristics.
Early research has shown that long-term exposure to elevated testosterone
(T) levels contributes to the development of prostate cancer [60]. However more
recent studies minimize this and state that more research is still necessary [31].
Polycystic Ovary Syndrome (PCOS) is a set of symptoms associated with
hormone imbalance in women and is the most common endocrine disorder in
women, it is also found in female animals [192]. In order to study the disorder,
an animal model was developed whereby rats are continuously exposed to
dihydrotestosterone (DHT) during prepuberty until adult age. Exposed
rats will develop typical PCOS [116]. Continuous exposure to either testosterone
or DHT during human fetal development has shown that humans can also
develop PCOS by androgen excess, although the genetic background also plays
an important role [10, 222].
Androgens also promote nitrogen retention and muscle mass [11]. This has
led to their use to improve physical performance and misuse of androgens has
become a significant problem in sports [63]. Acne, decreased testicular size,
decreased sperm count are common effects in men [11]. In women, high doses
of androgens can lead to acne, excessive hair growth, excessive vaginal bleeding
and masculinization [11]. Furthermore, it is believed that continuous use of
androgens can lead to cardiovascular disease [11]. The use of androgens for
physical gain is surrounded by secrecy and because of this not all effects are
even known.
Finally, androgens also play an important role in governing aggression in animals
[3]. And even though hormone-dependent aggression is clearly important in
various animals species, there does not appear to be a significant causal link
between androgens and human aggression except in rare cases when used in
very high doses [8, 152].
Estrogens
As with progestogens, estrogens are compounds of importance in both estrous
and menstrual cycles. Estrogens also promote the development of female
secondary sex characteristics.
An excess of estrogens has been shown to induce sex reversal in several species
of animals [93, 157, 212]. Various species of fish were studied for effects of
estrogens in the aquatic environment. It was found that environmental estrogens
can impact the reproductive health and persistence of various fish species
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[84, 103, 129, 134, 185]. Specifically, full life-cycle exposure of zebrafish (Danio
rerio) to an environmental relevant concentration of synthetic estrogen 17α-
ethinylestradiol (EE2) resulted in an all-ovary population of fish and a
complete inhibition of reproduction [55]. However, zebrafish have the ability
to recover and reverse the effects after being removed from the contaminated
water and being transferred to clean water [16]. Unfortunately this is not the
case for all species of fish. Fathead minnows (Pimephales promelas) for example
show an increase of vitellogenin in males after exposure to 17β-estradiol (E2)
and estrone (E1) [144]. Vitellogenin is an egg yolk precursor protein and is as
such mainly produced by females, while male fish can only produce vitellogenin
after exposure to exogenous estrogens [141, 169, 178]. Medaka fish (Oryzias
Latipes) meet the same fate when exposed to E2 [171]. For this reason both
medaka and fathead minnows are often used to measure estrogenicity in waters
[126, 144].
Amphibians display genetic sex determination but this determination can be
influenced by external factors. One of these external factors is exogenous
estrogens. The African clawed frog Xenopus laevis for example will produce
100% females when larvae are exposed to exogenous estrogens, regardless of
genetic makeup [69].
The sex of turtles is largely determined by hatching temperatures of the eggs.
But even at male-producing temperatures (26◦C), feminization could be induced
through exposure to E2 [34]. Adult male turtles will also produce high levels of
vitellogenin after E2 injections [143].
In humans, elevated estrogen levels have been known to induce tumor growth
[20, 118, 177, 224] in both women and men [195]. Moreover, high estrogen levels
are also linked to thrombosis and thromboembolism [42, 190].
1.4.2 Effects of exogenous auxins
Introduction to auxins
Plant hormones or phytohormones are signal molecules that regulate cellular
processes mostly related to plant growth. Phytohormones are categorized into
several groups based upon their chemical structures including abscisic acid,
auxins, cytokinins, ethylene and gibberellins [168, 217]. Of these, auxins were
the first major plant hormones to be discovered. They play an important role
in many aspects of plant growth and development [168, 231]. All auxins are
compounds containing aromatic rings and a carboxylic acid group. The most
abundant auxin is indole-3-acetic acid (IAA) (Fig. 1.6–A). Besides IAA, three
additional natural occurring auxins exist: i.e. 2-phenylacetic acid (PAA) (Fig.
1.6–B), indole-3-butyric acid (IBA) (Fig. 1.6–C) and 4-chloroindole-3-acetic
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acid (4-Cl-IAA) (Fig. 1.6–D). These are all synthesised from indole, which itself
is derived from chorismic acid inside the chloroplasts [117]. Additionally, several
synthetic auxins have been synthesized for agricultural purposes. For example
α-naphthalene acetic acid (NAA) (Fig. 1.6–E) is often used to stimulate root
growth [43, 225].
Figure 1.6: Chemical structures of: A. Indole-3-acetic Acid (IAA), B. 2-
Phenylacetic Acid (PAA), C. Indole-3-butyric Acid (IBA), D. 4-Chloroindole-
3-acetic Acid (4-Cl-IAA), E. α-Naphthalene acetic acid (NAA), F. 4-
Hydroxyphenylacetic acid (4-HPA)
Effects of exogenous auxins
Since auxins are active in processes that govern the development and growth
of plants, they are an interesting candidate for detection. Some of the effects
caused by exogenous auxins are listed below.
Exogenously added IAA has been shown to increase shoot and root elongation
[24, 87, 189]. However, if the concentration of added IAA is too high (>5
µg/mL [24]), a decrease in plant growth can be seen [146]. The effects of too
high concentrations of IAA can be mitigated by using bacteria to introduce and
regulate the concentration of IAA in the rhizosphere [65].
Exogenous PAA induces organogenesis [81], improves bud elongation [38, 72]
and has a positive influence on clonal propagation [61].
The addition of IBA to plants has proven to induce the growth of both new
regular roots [86, 173] and adventitious roots [112]. Adventitious roots are
formed in unusual places on a plant, usually a stem or a leaf. They are of
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interest in horticulture and agronomy because of the many plant species that
are difficult to root.
Exogenously added 4-Cl-IAA induces root formation [88] and an increased
elongation and growth [87]. Moreover, its beneficial effects can cancel the
deleterious effects of cadmium stress [124].
Synthetic auxin NAA has positive effects on adventitious root development
[225]. Both fruits [142] and plants [198] increase in size after being exposed
to NAA. Additionally, exogenously added NAA increases the expression of
antioxidant enzymes [43].
1.5 Detection of environmental hormones
In order to sufficiently gauge the severity of the situation, an efficient method of
detection for environmental steroid and plant hormones is needed. An overview
of currently used methods was published by Maser and Xiong [121]. In this
paper the distinction is made between all the methods that measure the total
concentration of steroid and plant hormones directly and specifically, and all
the methods that determine the concentration of hormones based upon the
biological effect caused on the sensing system, i.e. methods that determine the
bioavailable fraction.
1.5.1 What makes a good detection method?
The quality of a detection method can be determined based on a number of
criteria. In particular for methods to detect steroid hormones, the following
criteria are important [54] :
• Short sample preparation time
• Short measurement preparation time
• Short measurement time
• Short analysis time
• Low limit of detection
• Specific for multiple steroid hormones
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• Inexpensive
1.5.2 Direct measurement of concentration
Chromatography and mass spectrometry
The most used techniques to directly measure steroid hormones are liquid or
gas chromatography (LC/GC) and mass spectrometry (MS) [5, 78, 109, 211].
MS is an analytical technique used to identify molecules. A mass spectrometer
consists of three parts: an ion source, a mass analyzer and a detector. Samples
are introduced in the ion source where they are ionized. This may cause the
molecules to break down in smaller parts. Afterwards they are introduced in
the mass analyzer where the molecules will be separated based upon their mass-
to-charge ratio. And finally the detector will measure the different molecules
in the sample. The result of a MS procedure is pictured as a spectrum (Fig.
1.7–A).
Chromatography techniques are used to separate mixtures of molecules. The
mixture is usually dissolved in a gas or fluid which is called the mobile phase.
The mobile phase will carry the mixture through the stationary phase. Because
the different molecules in the mixture move at different speeds through the
stationary phase, the molecules are separated. If the mobile phase is a gas, the
technique is referred to as gas chromatography (Fig. 1.7–B) and if it is a liquid,
the technique is called liquid chromatography (Fig. 1.7–C).
Chromatography and MS are often used in combination. These two methods
offer precise and highly specific concentration measurements of water samples.
But in order to use either chromatography or mass spectrometry, the samples
need to be extensively prepared beforehand.
Samples taken from large bodies of water are always a complex mixture of
molecules. This mixture of molecules surrounding the analyte of interest is
generally called a matrix. Whenever samples inside of a matrix are analysed,
certain matrix effects can occur whereby the matrix influences the analysis
due to its intrinsic physical or chemical properties (e.g. ionic strength of the
solution). It is therefore important to remove the analyte of interest from the
matrix to reduce the impact of the matrix effects [153].
The process of removing analytes from their matrix is called extraction,
commonly performed by solid phase extraction (SPE) or liquid-liquid extraction
(LLE). SPE is a separation process whereby dissolved compounds are separated
from other compounds in the mixture by passing the mixture (known as the
mobile phase) through a solid (known as the stationary phase) (Fig. 1.8–Top)
[232]. Either the analyte of interest or the undesired analyte is retained in the
stationary phase, the part of the mixture that passed through the stationary
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Figure 1.7: Schematical overview of A. Mass Spectrometry: Sample is introduced
into ion source where it is ionized, causing the molecule to break up into smaller
parts, these parts are brought into the mass analyzer where the molecules are
separated based upon their mass-to-charge ratio. Finally the detector measures
the arrival of the molecules of the sample. The result is shown as a spectrum.
B. Gas Chromatography: The sample is introduced into a column in which gas
(mobile phase) flows, the gas carries the sample through the column (stationary
phase). The different molecules in the sample will move at different speeds
through the column, causing them to separate. The detector measures the
arrival of all the different molecules. C. Liquid Chromatography: The sample is
introduced into a column in which a fluid (mobile phase) flows, the fluid carries
the sample through the column (stationary phase). The different molecules in
the sample will move at different speeds through the column, causing them to
separate. The detector measures the arrival of all the different molecules.
phase will then be kept or discarded, depending on whether it contains the
analyte of interest or not. LLE is a method to separate compounds based upon
their relative solubility in two different immiscible liquids (Fig. 1.8–Bottom)
[188]. The analyte of interest should be more soluble in the second liquid than
in the original liquid. In the case of steroid hormones, chloroform is often used
for its extraction from water samples [40]. Both liquid-liquid extraction and
solid phase extraction are used for the extraction of steroid hormones from
water samples [5, 40, 78, 110]. Only after performing the extraction can the
analyte be further analyzed by chromatography and/or MS. The result is a
highly specific and sensitive measurement ( 0.01<T<0.6 ng/L, 0.01<P<0.23
ng/L, 0.01<E1<0.04 ng/L [211], 0.1-2.4 ng/L [78], 2-500 ng/L [109]) depending
on used chromatography and spectroscopy techniques, obtained only hours after
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sample collection [78, 109, 211].
Figure 1.8: Top: Solid Phase Extraction (SPE). A. Empty column, grey are
represents stationary phase, B. Sample inserted, C. Sample on stationary phase,
D. Contaminants are retained and analyte of interest passes through. Bottom:
Liquid-liquid Extraction (LLE). A.Sample in solution, second liquid added,
B. Mixing liquids by shaking, C. Liquids unmix because they are immiscible,
analyte of interest is in solution in the second liquid and can be removed.
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Both soil auxins and endogenous auxins can be detected using chromatography
and/or MS after extraction [106, 137]. The sensitivity ranges between 20 ng/L
[111] and 2 µg/L [102].
Due to the high specificity, chromatography and/or MS is suitable for the
detection of a variety of steroid or plant hormones. The greatest disadvantage is
the labour and time intensive preparation needed for an accurate measurement.
Sampling aside, which can take up to two days, the preparation time can run
up to several hours, mostly spend on extraction and drying. Measuring the
samples can take up as much as an hour [5, 109, 211].
Immunoassays
Antibodies are glycoproteins that are part of the immune system. They
identify and neutralize foreign objects entering the body whereby each antibody
recognizes a specific antigen unique to its target [80]. The specific nature of an
antibody makes it eligible for use as a sensor. Sensors using antibodies to detect
compounds are called immunosensors [113]. Since antibodies do not have a
way of transducing the signal, a supplementary method is needed to transduce
the signal. These supplementary methods can be divided into groups based
upon the physical property which they employ to transduce the signal. The
two largest groups are the electrochemical and the optical sensors.
Electrochemical immunosensors are always built to be used with an electrode
that measures potential changes, current flows or conductivity changes.
Electrochemical immunosensors are usually used in a competition assay whereby
the analyte of interest competes with another ligand for binding to the antibodies.
In general, the competing ligand is the same as the analyte of interest but
labelled with an enzyme that can reduce or oxidize molecules (e.g. peroxidases).
The amount of labelled analyte bound to the antibodies is a measure for
the amount of unlabelled analyte in the sample and the former amount can
be determined thanks to its enzymatic function which causes a reduction or
oxidation. This is measurable using an electrode that can determine the amount
of analyte in the sample (Fig. 1.9–Top).
Examples of electrochemical immunosensors used to detect steroid hormones
include a competition assay between estradiol and peroxidase-labelled estradiol
[138], between estradiol and bovine serum albumin (BSA)-labelled estradiol
in a complex scaffold [107] and between testosterone and peroxidase-labelled
testosterone by use of magnetic beads to immobilize the antibodies [41]. The
detection limit for electrochemical immunosensors were reported to be as low
as 1.7 ng/L [41].
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Figure 1.9: Top: Electrochemical immunosensor: Antibodies attached to a
surface bound to labelled analyte. Unlabelled analyte is introduced and will
displace the labelled analyte from the antibodies. The displaced labelled analytes
are washed away and a current is measured. This current is a measure for
the amount of bound labelled analyte which is a measure for the amount of
unlabelled analyte. Bottom: Optical immunosensor: Antibodies are attached to
a surface. Analyte is introduced and will bind to the antibodies. Light shone on
the surface will behave differently dependent on the amount of analyte bound
to the antibodies.
There also exists a number of auxin electrochemical immunosensors [227, 233]
that can detect concentrations from 50 ng/L [186].
Optical immunosensors are based upon the physical properties of light reflected of
a surface. These physical properties (i.e. adsorption, fluorescence, luminescence,
scattering or refractive index) can differ depending on whether or not certain
molecules are present on the surface. In an optical immunosensor, light is shone
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upon a surface on which antibodies are attached. A sample containing the
analyte that binds the antibodies, is released on the surface. The binding of the
analyte to the antibodies influences the physical interaction of the light with
the surface and a change in physical properties will be measured. This change
is a measure of the amount of analyte present in the sample (Fig. 1.9–Bottom).
Popular applications of these principles are surface plasmon resonance (SPR)
[166] and total internal reflection fluorescence (TIRF) [14, 44].
These experimental designs were applied to the detection of steroid hormones,
mostly in combination with SPR with a detection limit as low as 50 ng/L
[66, 230].
Immunosensors are made both with monoclonal and polyclonal antibodies.
Each have their advantages and disadvantages for use as a steroid detection
method. Monoclonal antibodies generally are expensive to make, require
advanced technology for which extensive training is needed and can take a
long time to produce [80]. A large amount of monoclonal antibodies can be
produced at once but these antibodies can be too specific and therefore can
only detect one type of molecule. Polyclonal antibodies are inexpensive to
make, require less advanced technology [80]. Therefore no advanced training
is needed and antibodies can be produced in a short time. The produced
polyclonal antibodies are non-specific to the point that background noise can
occur and variability between batches can exist. Either kind of antibodies has
it advantages and disadvantages which means that for use as steroid hormone
detector choices have to be made. Either monoclonal antibodies are used
to construct an expensive, labour-intensive, but highly specific detector that
needs a long time to prepare. Or polyclonal antibodies are used to produce
an inexpensive, easy to manipulate detector with short preparation times but
highly variable and unspecific [80]. Neither kind of antibody grants a complete
solution.
While antibodies take a long time to prepare, immunosensors have to be build
up as well (e.g.: attaching antibodies to a surface), this generally requires more
than three hours [107, 138, 230]. The measurements of the samples only take
up 30 minutes. This lengthy preparation time and the need for antibodies make
immunosensors rather expensive [107, 138, 230]. The data acquired during
measurements is relatively easy to interpret. Voltammograms for example,
easily show the presence of interesting analytes. Optical immunosensors are
even label free, a label molecule is not required for detection of the analyte.
The biggest downside of immunosensors is the need for antibodies.
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1.5.3 Determination of concentration based upon biological
effect
All aforementioned methods are based upon detection of the chemical structures
of interesting analytes. Because of the great diversity of steroid hormones
this direct approach becomes impractical and expensive. It might be more
interesting to design a method that can identify these substances by their
hormonal activity rather than by their structure. Such a detection method
measures the biological effect of non-steroid molecules as compared to that of
steroid hormones. A range of methods that can assess the potential risk without
structural knowledge, based on biological effects has already been devised. The
most important of these methods are vitellogenin assays, the estrogen screen
(E-screen), yeast estrogen/androgen screen (YES/YAS) and the Comamonas
testosteroni steroid biosensor system (COSS).
For the detection of auxins, few methods based upon biological effects have been
developed at this time. The most important contribution is the DII-VENUS.
Vitellogenin assay
Vitellogenin is a glycolipoprotein and functions as an egg yolk precursor
protein. During egg development, vitellogenin is cleaved into the lipo- and
phosphoproteins that make up most of the protein content of egg yolk. In
normal circumstances vitellogenin is produced by the females of nearly all
oviparous species, like birds, most fish, amphibians and reptiles. But in the
presence of estrogens or estrogenic EDC, male fish can also produce vitellogenin
in a dose dependent manner. That is why several species of fish were already
used to assess the estrogenicity (i.e.: capacity of compounds to act like an
estrogen) of surface waters by placing them downstream of a suspected estrogen
source [36, 57, 144, 148]. Blood of these fish is harvested via tail severance [36]
or cardiac puncture [144]. The harvested blood is centrifuged and afterwards
analyzed using ELISA with, as a positive control, vitellogenin from fathead
minnows exposed to E2 purified using anion-exchange chromatography.
The use of fish or amphibians, to determine the estrogenicity of a surface water,
can give a clear image over a period of time (as low as ng/L concentrations)
as opposed to the static time point by which one is limited to using analytical
analysis. Vitellogenin assays also take into account solubility, temperature and
other physical properties for an accurate depiction of the estrogenicity [57].
However, the use of these fish is not suitable for the determination of a specific
estrogenic compound since all estrogenic compounds will exert an influence on
the fish. For the detection of a specific estrogen or estrogenic compound at any
given time, analytical analysis will be more accurate and sensitive but also far
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more specific. Analytical analysis will also be faster as the incubation period
for vitellogenin analysis can be up to one [57] or even three weeks [148]. In
addition, vitellogenin analysis occurs after harvesting blood via tail severance
or cardiac puncture. This is both time consuming, labour-intensive and requires
the sacrifice of living animals.
The estrogen screen
The E-screen is a quantitative assay based upon the proliferative effect of
estrogens on MCF-7 cells. MCF-7 is a breast cancer cell line and one of
the first mammary cell lines that could be kept in culture for a long period
of time. Cells of this line show a proliferative response to estrogens. The
E-screen uses this property to measure the estrogenicity of a compound by
comparing the proliferative response of the compound to the response of E2
(positive control) and of a sample without estrogens (negative control) [182]. A
number of compounds with estrogenic properties were found in this way, such
as alkylphenols and phtalates [181, 182].
The E-screen can detect estrogenic compounds with high sensitivity (E2 can
be measured at as low as 8 ng/L) but the method is time consuming and
labour-intensive. The cells require full cell culturing and sample incubation
time has to be up to six days for optimal results [145]. While this method
can be used to measure estrogenicity as compared to E2, it fails to measure
actual concentrations of estrogens or steroid hormones in the sample and since
it measures estrogenicity, the method is not very specific [182].
Yeast estrogen/androgen screen
Yeast is a single cell eukaryotic organism and is therefore interesting for scientific
research since it can easily be cultured, has a short generation time and can
be used to express eukaryotic proteins. This last property is the basis of the
yeast estrogen/androgen screen (YES/YAS) [58, 164]. These two methods
were developed by integrating the gene coding for the human estrogen receptor
(hER) or the human androgen receptor (hAR) in the yeast genome. After
binding to an estrogen, hER wil bind to the estrogen response element (ERE)
and induce the expression of the downstream gene. hAR works similarly by
binding to the androgen response element (ARE) in the presence of androgens.
Plasmids carrying ERE or ARE followed by lacZ ensure signal transduction
whereby the presence of estrogens or androgens will induce the expression of
β-galactosidase. Production of β-galactosidase can be observed by adding a
chromogenic substrate (e.g.: chlorophenol red-β-D-galactopyranoside (CPRG))
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which will be converted by β-galactosidase and hereby change colour.
Because of their short generation time and ability to express eukaryotic proteins,
YES and YAS can contribute greatly to the detection of steroid hormones. The
technique is sensitive (E2 detection at 3 ng/L), reproducible [164] and is specific
to estrogens and estrogenic compounds. Sample preparation and analysis can
happen relatively quickly. Measurement and measurement preparation on the
other hand are rather labour-intensive because of the use of the lacZ reporter
system and typically take 4 days to a week [58, 164].
Comamonas testosteroni steroid biosensor
Xiong et al. constructed a Comamonas testosteroni (C. testosteroni) mutant
strain CT-GFP5-1 that can be used as a fluorescence based biosensor system for
the detection of steroids [219]. The system is based on the steroid biodegradation
mechanism of C. testosteroni and was constructed by placing the gfp gene into
the chromosome of C. testosteroni, downstream of a steroid responsive promoter.
This resulted in a whole-cell bioreporter that can detect T concentrations
between 57 and 450 µg/L and E2 concentrations between 1.6 and 12.8 µg/L.
The experimental COSS setup was improved upon by developing a cell-free
system that only uses the cytosol of the mutant. The cell-free system can detect
T concentrations between 28 and 219 ng/L and E2 concentrations between 29
pg/L and 430 pg/L.
The preparation time needed for the cell-based system is short and easy, for the
determination of the concentration of steroids in a sample using the cell-based
system only an overnight culture is needed. To determine a steroid concentration
in a sample using the cell-free system the cytoplasm of CT-GFP5-1 mutants
needs to be isolated and fixed onto a 96-well plate, this requires more time and
effort. The measurements themselves take 30 minutes for both the cell-based
and cell-free systems. The specificity of CT-GFP5-1 bacteria is not sufficiently
characterized, however it is defined as a steroid bioreporter and can detect
cholesterol as well. This bioreporter is therefore not specific to steroid hormones
alone.
DII-VENUS for the detection of auxins
DII-VENUS is an Aux/IAA-based auxin signalling sensor that was engineered in
the model plant Arabidopsis thaliana. DII-VENUS consists of the fast maturing
YFP VENUS fused in-frame to the Aux/IAA auxin-interaction domain (domain
DII), controlled by a constitutive promoter [26]. The result of this fusion is that
DII-VENUS will be degraded dose-dependently in the presence of IAA. The
DII-VENUS sensor can therefore be used to verify the distribution of IAA in
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Arabidopsis and can detect concentrations of IAA as low as 175 ng/L. However,
while DII-VENUS is able to detect the transport of endogenous auxins in the
plant, it is not a suitable sensor for the determination of exogenous auxin
concentrations since it only detects the auxins the plant has taken up. Moreover,




















Table 1.2: Table comparing the properties of each method.
Method Preparation time Measurement time Sensitivity Specificity
GC/LC-MS 1–2 h 1–2 h 10 pg/L specific molecules
Immunoassays >3 h 30 min 50 ng/L specific molecules
Vitellogenin assay 1 day 1–3 weeks ng/L estrogenic compounds
E-screen 1 day 6 days 8 ng/L estrogenic compounds
YES/YAS 1 day 1–3 days 3–8 ng/L estrogenic compounds
COSS (cell-based) 12 h 30 min 1.6 µg/L steroids
COSS (cell-free) 14 h 30 min 29 pg/L steroids
DII-VENUS 5 days 2 h 175 ng/L IAA
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1.6 Conclusions
This introductory chapter shows that both humans ands animals excrete steroid
hormones from their bodies which end up in the environment through municipal
wastewater [120, 229]. These steroid hormones, estrogens in particular, can have
detrimental effects on humans and animals [20, 42, 84, 103, 129, 134, 185, 224].
And while traditional methods exist that can detect the hormones in our waters,
they require extensive time and labour to prepare the samples to be measured.
A novel cost-effective, easy to use, in situ sensor could be a screening tool
to rapidly determine possible steroid hormone pollutions in nature. Such a
screening tool might be provided by constructing a whole-cell bioreporter or
biosensor.
The next chapters describe the design and construction of a GFP-producing
steroid hormone bioreporter to offer a cost-effective, easy to use substitute.
Likewise, an electrochemical biosensor was constructed based on the results of
the GFP-producing bioreporter. The electrochemical biosensor is based on the
novel pyocyanin reporter system. The signal produced by this unique reporter
system can be directly transduced to a computer thanks to the redox properties
of pyocyanin. A pyocyanin electrochemical steroid hormone biosensor should
therefore offer an efficient fast-acting biosensor that might be adapted to in situ
applications.
This work also describes a GFP-producing auxin bioreporter and an electro-
chemical auxin biosensor. These two were constructed as a proof of principle.
The mechanism to detect auxins is significantly less complex than that to detect
steroid hormones. The proof of principles were therefore used to determine the
feasibility of the proposed steroid hormone reporters.
Chapter 2
Materials and Methods
2.1 Bacterial strains and growth conditions
All strains and plasmids used in this work are listed in table 2.2. All strains
were grown with aeration at 37◦C in Luria-Bertani (LB) medium or on LB
plates containing 15 g/L agar (Invitrogen) [167].
Standard protocols were used for molecular cloning [167]. Restriction
enzymes were purchased from Roche and used according to the manufacturer’s
instructions. Cloning steps were performed using E. coli TOP10. All primers
used for cloning in this work are listed in table 2.4.
ONPG-buffer
• 50 mM Phosphate buffer pH 7
• 10 mM β-mercaptoethanol
• 0.1% Triton X100
• 0.1% Sodium Lauryl Sarcosine
• 1 mM Na2EDTA
31
32 MATERIALS AND METHODS
2.1.1 Plasmid construction
Construction of pCMPG10652
Bacteria transformed with plasmid pCMPG10652 produce GFP when exposed
to auxins. The plasmid is therefore used to construct a fluorescent auxin
bioreporter (Section 3.3.2).
The DNA sequence containing promoter PA, hpaA and promoter PBC of
pRA2 [155] was amplified using primers PRO6977 and PRO7618. This PCR
product was then cloned into pFPV25 [203], using EcoRI and XbaI, resulting
in pCMPG10652.
pCMPG10652 was maintained with 100 µg/mL ampicillin.
Construction of pCMPG10653
Bacteria transformed with plasmid pCMPG10653 produce pyocyanin when
exposed to auxins. The plasmid is therefore used to construct an electrochemical
auxin bioreporter and biosensor (Section 3.3.3).
The DNA sequence containing promoter PA, hpaA and promoter PBC of pRA2
[155] was amplified using primers PRO7995 and PRO8160. This PCR product
was then cloned into pUCP-MS [122], using EcoRI, resulting in pCMPG10653.
pCMPG10653 was maintained with 10 µg/mL tetracyclin.
Plasmid pCMPG10654
Bacteria transformed with plasmid pCMPG10654 produce GFP when exposed
to steroid hormones. The plasmid is therefore used to construct a fluorescent
steroid hormone bioreporter (Section 4.3.1).
The soil bacterium C. testosteroni contains a steroid hormone responsive
sequence in its genome. This sequence contains a constitutive promoter flanked
by two operators and the repA gene, encoding repressor RepA. RepA binds to
the two operators in the absence of steroid hormones, blocking the promoter
and repressing the expression of the downstream gene. In the presence of steroid
hormones RepA will bind those and release the operators, freeing the promoter
and allowing for the expression of the downstream gene. For this reason, the
DNA sequence containing the two operator sites of the C. testosteroni genome
was amplified using primers PRO7047 and S&P0058. The DNA sequence
containing the gfp gene of pFPV25 [203] was amplified using primers S&P0059
and S&P0060. Both PCR products possessed an overhang which allowed for
them to be used as primers in a SOE-PCR reaction [70] where both products
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were spliced together whereby the gfp gene was placed downstream of the two
operator sites. This final product was ultimately cloned into pFAJ5301 [210],
using EcoRI and XbaI, resulting in pCMPG10654.
pCMPG10654 was maintained with 150 µg/mL erythromycin.
Plasmid pCMPG10658
Plasmid pCMPG10658 contains the repA gene, encoding the repressor RepA,
downstream of a PBAD promoter (Sections 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome was
amplified using primers S&P0061 and S&P0062. This PCR product was then
cloned into pBAD322K [35], using XbaI and HindIII, resulting in pCMPG10658.
pCMPG10658 was maintained with 50 µg/mL kanamycin.
Plasmid pCMPG10659
Plasmid pCMPG10659 contains the repA gene, encoding the repressor RepA,
downstream of a strong constitutive promoter (Section 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome
was amplified using primers S&P00137 and S&P00141. The DNA sequence
containing the strong constitutive promoter J23100 and the strong RBS B0034
was amplified using primers S&P00142 and S&P00143. Both PCR products
possessed an overhang which allowed for them to be used as primers in a SOE-
PCR reaction [70] where both products were spliced together whereby the repA
gene was placed downstream of the promoter and RBS combination. This final
product was ultimately cloned into pUC19, using XbaI and HindIII, resulting
in pCMPG10659.
pCMPG10659 was maintained with 100 µg/mL ampicillin.
Plasmid pCMPG10660
Plasmid pCMPG10660 contains the repA gene, encoding the repressor RepA,
downstream of a weak constitutive promoter (Section 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome
was amplified using primers S&P00137 and S&P00138. The DNA sequence
containing the weak constitutive promoter J23114 and the strong RBS B0034
was amplified using primers S&P00139 and S&P00140. Both PCR products
possessed an overhang which allowed for them to be used as primers in a SOE-
PCR reaction [70] where both products were spliced together whereby the repA
gene was placed downstream of the promoter and RBS combination. This final
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product was ultimately cloned into pUC19, using XbaI and HindIII, resulting
in pCMPG10660.
pCMPG10660 was maintained with 100 µg/mL ampicillin.
Plasmid pCMPG10661
Plasmid pCMPG10661 contains the repA gene, encoding the repressor RepA,
downstream of a weak constitutive promoter (Section 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome
was amplified using primers S&P00137 and S&P00144. The DNA sequence
containing the strong constitutive promoter J23104 and the medium RBS B0032
was amplified using primers S&P00145 and S&P00146. Both PCR products
possessed an overhang which allowed for them to be used as primers in a SOE-
PCR reaction [70] where both products were spliced together whereby the repA
gene was placed downstream of the promoter and RBS combination. This final
product was ultimately cloned into pUC19, using XbaI and HindIII, resulting
in pCMPG10661.
pCMPG10661 was maintained with 100 µg/mL ampicillin.
Plasmid pCMPG10662
Plasmid pCMPG10662 contains the repA gene, encoding the repressor RepA,
downstream of a strong constitutive promoter (Section 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome
was amplified using primers S&P00137 and S&P00144. The DNA sequence
containing the medium constitutive promoter J23110 and the medium RBS
B0031 was amplified using primers S&P00146 and S&P00147. Both PCR
products possessed an overhang which allowed for them to be used as primers
in a SOE-PCR reaction [70] where both products were spliced together whereby
the repA gene was placed downstream of the promoter and RBS combination.
This final product was ultimately cloned into pUC19, using XbaI and HindIII,
resulting in pCMPG10662.
pCMPG10662 was maintained with 100 µg/mL ampicillin.
Plasmid pCMPG10663
Plasmid pCMPG10660 contains the repA gene, encoding the repressor RepA,
downstream of a medium constitutive promoter (Section 4.3.1).
The DNA sequence containing the repA gene of the C. testosteroni genome
was amplified using primers S&P00137 and S&P00148. The DNA sequence
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containing the medium constitutive promoter J23110 and the weak RBS B0032
was amplified using primers S&P00147 and S&P00149. Both PCR products
possessed an overhang which allowed for them to be used as primers in a SOE-
PCR reaction [70] where both products were spliced together whereby the repA
gene was placed downstream of the promoter and RBS combination. This final
product was ultimately cloned into pUC19, using XbaI and HindIII, resulting
in pCMPG10663.
pCMPG10663 was maintained with 100 µg/mL ampicillin.
Plasmids pCMPG10657 and pCMPG10664
Plasmid pCMPG10664 contains the two operator sites of the C. testosteroni
genome both upstream of the phzM and the phzS gene and should therefore
produce pyocyanin in the presence of steroid hormones (Section 4.3.2).
The DNA sequence containing the two operator sites of the C. testosteroni
genome was amplified using primers S&P00421 and S&P00422. The DNA
sequence containing the genes phzM and phzS of pUCP-MS [122] was amplified
using primers S&P00423 and S&P00424. Both PCR products possessed an
overhang which allowed for them to be used as primers in a SOE-PCR reaction
[70] where both products were spliced together whereby the phzM and phzS
genes were placed downstream of the two operators. This splice product was
cloned into plasmid pBBR1MCS-2 using HindIII and EcoRI, resulting in plasmid
pCMPG10657 (Fig. 2.1).
The DNA sequence containing the operator sites and the gene phzM of the
former PCR product was amplified using primers S&P00421 and S&P00636.
This PCR product was cloned into plasmid pBBR1MCS-2 using BamHI and
EcoRI, resulting in plasmid pTEMP1 (Fig. 2.1).
The DNA sequence containing the operator sites of the C. testosteroni genome
was amplified using primers S&P00637 and S&P00639. The DNA sequence
containing the gene phzS of pUCP-MS [122] was amplified using primers
S&P00638 and S&P00424. Both PCR products possessed an overhang which
allowed for them to be used as primers in a SOE-PCR reaction [70] where both
products were spliced together whereby the phzS gene was placed downstream
of the newly amplified operators. This splice product was cloned in plasmid
pTEMP1 using HindIII and EcoRI, resulting in plasmid pTEMP2 (Fig. 2.1).
pTEMP2 also failed to produce pyocyanin, possibly because of how the two
instances of the operators were orientated. For this reason, one of the operators
and gene combinations was amplified using primers S&P00674 and S&P00675.
This PCR product was cloned in pBBR1MCS-2 in the opposite orientation,
using EcoRI and HindIII to give pCMPG10664 (Fig. 2.1).
pCMPG10664 was maintained with 50 µg/mL kanamycin.
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Figure 2.1: Construction of plasmid pCMPG10664
Table 2.1: Overview of plasmids used in this study
Plasmids Vector Promoter Output Antibiotics
pCMPG10602 pBAD33 PBAD PCA 25 µg/mL Cm
pCMPG10652 pFPV25 PBC GFP 100 µg/mL Ap
pCMPG10653 pUCP-MS PBC PhzM and PhzS 10 µg/mL Tc
pCMPG10654 pFAJ5301 3α-hsd promoter GFP 150 µg/mL Ery
pCMPG10657 pBBR1MCS-2 3α-hsd promoter PhzM and PhzS 50 µg/mL Km
pCMPG10658 pBAD322K PBAD RepA 50 µg/mL Km
pCMPG10659 pUC19 prom. J23100, RBS B0034 RepA 100 µg/mL Ap
pCMPG10660 pUC19 prom. J23114, RBS B0034 RepA 100 µg/mL Ap
pCMPG10661 pUC19 prom. J23104, RBS B0032 RepA 100 µg/mL Ap
pCMPG10662 pUC19 prom. J23110, RBS B0031 RepA 100 µg/mL Ap
pCMPG10663 pUC19 prom. J23110, RBS B0032 RepA 100 µg/mL Ap
pCMPG10664 pBBR1MCS-2 3α-hsd promoter PhzS and PhzM 50 µg/mL Km
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Table 2.2: Overview of E.coli strains and plasmids used in this study
Strains Description Reference
E. coli MC4100 F− [araD139]B/r ∆(argF-lac)169*
λ− e14- flhD5301 ∆(fruK-yeiR)725
(fruA25)‡ relA1 rpsL150(strR) rbsR22
∆(fimB-fimE)632(::IS1) deoC1
[28]
E. coli TOP10 F- mcrA ∆(mrr-hsdRMS-mcrBC)
φ80lacZ∆M15 ∆lacX74 nupG recA1




pCMPG10602 HindIII fragment of pUCP-A2G2 in
pBAD33
[208]
pCMPG10652 PA, hpaA, PBC of pRA2 cloned
EcoRI/XbaI in pFPV25
This work
pCMPG10653 PA, hpaA, PBC of pRA2 cloned EcoRI
in pUCP-MS
This work
pCMPG10657 operator sites, phzM, phzS cloned
HindIII/EcoRI in pBBR1MCS-2
This work
pCMPG10654 operator sites, Phsd of C. testosteroni
and gfp of pFPV25 cloned EcoRI/XbaI
in pFAJ5301
This work
pCMPG10658 repA of C. testosteroni cloned
XbaI/HindIII in pBAD322K
This work
pCMPG10659 promoter J23100, RBS B0034 and repA
cloned XbaI/HindIII in pUC19
This work
pCMPG10660 promoter J23114, RBS B0034 and repA
cloned XbaI/HindIII in pUC19
This work
pCMPG10661 promoter J23104, RBS B0032 and repA
cloned XbaI/HindIII in pUC19
This work
pCMPG10662 promoter J23110, RBS B0031 and repA
cloned XbaI/HindIII in pUC19
This work
pCMPG10663 promoter J23110, RBS B0032 and repA
cloned XbaI/HindIII in pUC19
This work
pCMPG10664 operator sites, phzM, operator sites,
phzS cloned BamHI/EcoRI and
EcoRI/HindIII in pBBR1MCS-2
This work
pFPV25 promoter trap vector constructed by
inserting an EcoRI/HindIII fragment
containing a promoterless gfpmut3 [33]
into plasmid pED350 (ColE1, bla, mob)
[37]
[203]
pFPV25.1 promoter rpsM inserted into pFPV25
EcoRI/XbaI
[203]
pUCP-MS phzM and phzS of Pseudomonas
aeruginosa cloned in pUCP-26
[122]
pRA2 PA, hpaA, PBC , lacZ of E. coli W
ATCC 11105 cloned in pRS551
[155]
pFAJ5301 Cloning vector, pUC18 derivative [210]
pBAD322K PBAD, araC expression vector [35]
pUC19 Standard cloning vector [226]
pBBR1MCS-2 Standard cloning vector [96]
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2.2 β-galactosidase assay
β-galactosidase assays were performed in order to verify whether bacteria
transformed with pRA2 could produce a dose-response result (Section 3.3.1).
An overnight culture of bacteria containing pRA2 was diluted in 1:100 in 200
µL fresh LB medium in the presence of a dilution series of auxins (1 mM, 500
µM, 250 µM and 125 µM) . After an incubation period of 24 hours, 135 µL
of culture of each test condition was transferred to a microtiter plate (n=4)
whereafter the optical density (OD) of these cultures was measured at 595 nm.
To start the assay 10 µL of each culture was transferred eight times to a new
microtiter plate, resulting in one column per culture. To start the reaction, 90
µL of ONPG buffer, containing 8 mg/10 mL ortho-nitrophenyl-β-galactoside
(ONPG), was added to each well. Immediately after this the cultures were
incubated at 37◦C and the time of incubation was noted.
The reaction was stopped when a yellow colour appeared by adding 35 µL 1 M
Na2CO3 and the time of inactivation was noted.
The absorbance of the cultures was measured at 595 nm and 415 nm using
Synergy MX microtiter plate reader (Biotek Instruments, Inc.).
The amount of expression of β-galactosidase was expressed in Miller units (U)
[128] and was calculated using following formula:
1 Miller unit = 1000 ∗ OD415 − (1.75 ∗OD595)(t ∗ V ∗OD595) (2.1)
OD415 = Measured absorbance of the yellow ortho-nitrophenyl
OD595= Measured cell density
t = reaction time in minutes
V = volume of culture assayed in milliliters
2.3 GFP fluorescence assay
To assess the effectiveness of plasmids pCMPG10652 and pCMPG10654 as
bioreporters, the GFP production of both plasmids in response to hormones
was measured using following protocol (Sections 3.3.2 and 4.3.1).
For pCMPG10652, a 24 hours experiment was performed whereby an overnight







Table 2.3: Overview of primers used in this study.
Primers Sequence Purpose
PRO6977 AAAAAAGAATTCAGCAGGCGATCGGTATTG fwd hpaA; EcoRI (pCMPG10652)
PRO7618 AAAAAATCTAGAATCGGTTGTCCGCCTCTAC rev hpaA; XbaI (pCMPG10652)
PRO7995 ATGAATTCATTGAGCAGGCGATCGGTAT fwd hpaA; EcoRI (pCMPG10653)
PRO8160 ATGAATTCGCTGTTTCCTGTGTGATAAAGAA rev hpaA; EcoRI (pCMPG10653)
PRO7047 AAAAAAGAATTCCTCGGCCATGTCAAAGCC fwd operator sites; EcoRI (pCMPG10654)
S&P0058 CTTCTCCTTTACTCATGTCTTGTCTCCTTT rev operator sites (pCMPG10654)
S&P0059 AAAGGAGACAAGACATGAGTAAAGGAGAAG fwd gfp (pCMPG10654)
S&P0060 ATTCTAGATGCCTGCAGGAGATTTATTTG rev gfp; XbaI (pCMPG10654)
S&P0061 ATAAGCTTCTCGATCTGAGCTGTGCTGA fwd repA; XbaI (pCMPG10658)
S&P0062 ATTCTAGATACCACGGCGGTCATATGTT rev repA; HindIII (pCMPG10658)
S&P00137 ATTCTAGACTCGATCTGAGCTGTGCTGA rev repA;XbaI (pCMPG10659-pCMPG10663)
S&P00138 CTAGCTACTAGAGAAATGCACATAGCTTGC fwd repA (pCMPG10660)
S&P00139 ATAAGCTTTTTATGGCTAGCTCAGTCCTAGG fwd prom., RBS, HindIII (pCMPG10660)
S&P00140 GCAAGCTATGTGCATTTCTCTAGTAGCTAG rev prom., RBS (pCMPG10660)
S&P00141 CTAGCTACTAGAGAAATGCACATAGCTTGC fwd repA (pCMPG10659)
S&P00142 ATAAGCTTTTGACGGCTAGCTCAGTCCTAGGT fwd prom., RBS, HindIII (pCMPG10659)











Table 2.4: Overview of primers used in this study (Continued).
Primers Sequence Purpose
S&P00144 CAGGAAAGTACTAGATGCACATAGCTTGC fwd repA (pCMPG10661&pCMPG10662)
S&P00145 ATAAGCTTTTGACAGCTAGCTCAGTCCTAGGT fwd prom., RBS, HindIII (pCMPG10661)
S&P00146 GCAAGCTATGTGCATCTAGTACTTTCCTGT rev prom., RBS (pCMPG10661&pCMPG10662)
S&P00147 ATAAGCTTTTTACGGCTAGCTCAGTCCTAGGT fwd prom., RBS, HindIII (pCMPG10662&pCMPG10663)
S&P00148 CAGGAAACCTACTAGATGCACATAGCTTGC fwd repA (pCMPG10663)
S&P00149 GCAAGCTATGTGCATCTAGTAGGTTTCCTG rev prom., RBS (pCMPG10663)
S&P00421 ATGAATTCCTCGGCCATGTCAAAGCC fwd operator sitesn; EcoRI (pCMPG10664)
S&P00422 ATTCGAATTATTCATGTCTTGTCTCCTTT rev operator sites (pCMPG10664)
S&P00423 AAAGGAGACAAGACATGAATAATTCGAAT fwd phzM and phzS (pCMPG10664)
S&P00424 ATGGATCCGTGCTGCAAGGCGATTAAGT rev phzM and phzS ; BamHI (pCMPG10664)
S&P00636 ATGGATCCGTTGAAAGTTCCGATTCAGG rev phzM ; BamHI (pCMPG10664)
S&P00637 ATGGATCCCTCGGCCATGTCAAAGCC fwd operator sites; BamHI (pCMPG10664)
S&P00638 AAAGGAGACAAGACATGAGCGAACCCATC fwd phzS (pCMPG10664)
S&P00639 GATGGGTTCGCTCATGTCTTGTCTCCTTT rev operator sites (pCMPG10664)
S&P00674 ATAAGCTTCTCGGCCATGTCAAAGCC fwd operator sites and phzS ; HindIII (pCMPG10664)
S&P00675 ATGAATTCGCATGCTAGCGTGGC rev operator sites and phzS ; EcoRI (pCMPG10664)
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LB medium in fluorescence microtiter plates (Greiner Bio-One, 655096). A
dilution series of auxins (0.49 µM, 0.98 µM, 1.95 µM, 3.9 µM, 7.81 µM, 15.625
µM, 31.25 µM, 62 µM, 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3
mM) was added either immediately (induction during lag phase), after three
hours (induction during exponential phase) or after 10 hours (induction during
stationary phase). Replicates were grown in parallel on the same day. The
plates were cultured for 24 h at 37◦C during which the absorbance at 595
nm and the fluorescence intensity (excitation 488 nm, emission 511 nm) were
measured by the Synergy MX microtiter plate reader (Biotek Instruments, Inc.)
every 2 hours. The measured OD595 values were used to correct the fluorescence
intensity for bacterial growth.
For further experiments, an overnight culture of bacteria containing pCMPG10652
was diluted 1:100 in 200 µL fresh LB medium in fluorescence microtiter plates
(Greiner Bio-One, 655096). A dilution series of auxins (0.49 µM, 0.98 µM, 1.95
µM, 3.9 µM, 7.81 µM, 15.625 µM, 31.25 µM, 62 µM, 125 µM, 250 µM, 500 µM,
1 mM, 1.5 mM, 2 mM, 3 mM) was added after three hours (during exponential
phase) for optimal results. Replicates were grown in parallel on the same day.
The plates were cultured for 4-8 h at 37◦C after which the absorbance at 595
nm and the fluorescence intensity (excitation 488 nm, emission 511 nm) were
measured by the Synergy MX microtiter plate reader. The measured OD595
values were used to correct the fluorescence intensity for bacterial growth.
For experiments with bacteria containing pCMPG10654 in combination with one
of the following plasmids, pCMPG10658-pCMPG10663, an overnight culture
was diluted 1:100 in 200 µL fresh LB medium in fluorescence microtiter plates
(Greiner Bio-One, 655096). A dilution series of steroid hormones (0.49 µM, 0.98
µM, 1.95 µM, 3.9 µM, 7.81 µM, 15.625 µM, 31.25 µM, 62 µM, 125 µM, 250 µM,
500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) was added. Replicates were grown in
parallel on the same day. The plates were cultured for 24 h at 37◦C after which
the absorbance at 595 nm and the fluorescence intensity (excitation 488 nm,
emission 511 nm) were measured by the Synergy MX microtiter plate reader.
The measured OD595 values were used to correct the fluorescence intensity for
bacterial growth.
2.4 Fluorescence correction factor
To address the effects of steroid hormones on both fluorescence intensity and
absorbance, a correction factor was determined and applied to the measured
results (Section 4.3.1). The factor was determined by measuring the fluorescence
intensity of bacteria, transformed with plasmid pFPV25.1, in the presence of
a dilution series of testosterone from 250 µM to 3 mM. Plasmid pFPV25.1
contains the gfp gene preceded by constitutive promoter rpsM. The fluorescence
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intensity and OD595 were measured immediately after the addition of the dilution
series of testosterone. The correction factor for the fluorescence intensity was
determined for each concentration of testosterone by dividing the measured
fluorescence intensity produced in the absence of testosterone with the measured
fluorescence intensity of each concentration of testosterone. The correction
factor for the OD595 was determined for each concentration by subtracting
the measured OD595 of each concentration with the measured OD595 in the
absence of testosterone because the OD595 increases linearly in the presence of
testosterone. This gives the following correction factor for each result:
(Fm ∗ CFF )− Fm0
(OD595m − CFOD595)−OD595m0
(2.2)
Fm = Measured fluorescence intensity
CFF = Correction factor fluorescence intensity
Fm0 = Measured fluorescence intensity in absence of steroid hormones
OD595m = Measured OD595
CFOD595= Correction factor OD595
OD595m0 = Measured OD595 in absence of steroid hormones
Table 2.5: Correction factor for fluorescence intensity and OD595 for each
concentration of steroid hormone
Concentration CFF CFOD595
3 mM 1.952 0.607
2 mM 1.773 0.437
1.5 mM 1.421 0.282
1 mM 1.219 0.144
500 µM 1.062 0.036
250 µM 1.004 0.008
2.5 Pyocyanin assay
To assess the effectiveness of plasmid pCMPG10653 as bioreporter, its pyocyanin
production in response to auxins was measured using following protocol (Sections
3.3.3).
An overnight culture of bacteria containing both pCMPG10602 and pCMPG10653
was diluted 1:100 in 5 mL fresh LB medium in tubes in the presence of a dilution
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series of auxins (0.49 µM, 0.98 µM, 1.95 µM, 3.9 µM, 7.81 µM, 15.625 µM,
31.25 µM, 62 µM, 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM).
The tubes were incubated for 24h at 37◦C after which a Cyclic Voltammetry
(CV) experiment was performed. In a CV measurement the potential of the
working electrode is increasing linearly over time. When a certain set potential
was reached the potential is similarly decreased linearly. During one experiment
this can happen multiple times. The current at the working electrode is
measured and plotted in function of the applied potential, this results in a cyclic
voltammogram [92].
The CV measurements were performed by using a µAutolab type III computer-
controlled potentiostat (Metrohm) on a 60EcoMEA-Glass (Multi Channel
Systems). The experimental setup was a three-electrode configuration with
a multielectrode array (MEA) as the working electrode, a Red Rod reference
electrode (Radiometer Analytical) and a coiled platinum wire as counter
electrode.
The MEA is connected to the potentiostat through a printed circuit board
which allows to connect the MEA contact pads with the connection clamps of
the potentiostat.
During the experiment the potentiostat cycled 20 times from -0.5 V until 0.1 V,
and back again, with a 2 mV step potential.
2.6 Fluorescence and pyocyanin assay data analysis
The analysis of the data obtained with both the fluorescence assay and the
pyocyanin assay is done using Graphpad Prism 5. To start the analysis, the
binary logarithm (log2) of the induction hormone concentrations was taken.
Afterwards the data was fitted using a non-linear regression with a log(agonist)
vs response – variable slope (four parameters) model. The equation used for
this fitting is:
Y = Bottom+ (Top−Bottom)1 + 10Log(EC50)−X ∗HillSlope (2.3)
Bottom = Lower plateau of fluorescence intensity (a.u.) / induced current
Top = Upper plateau of fluorescence intensity (a.u.) / induced current
EC50 = Concentration of hormone that gives a response halfway between Top
and Bottom
HillSlope = Measure for the steepness of the slope
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Top and Bottom values were used to determine the upper and lower detection
limits of the bioreporter. The R2-values, a measure for how well the generated
curve fits the data, were used to determine the dose-responseness of the response.
Chapter 3
Design and construction of
auxin bioreporters
3.1 Abstract
Auxins are hormones that play an important role in the growth and development
of plants. To be able to study the effects of endogenous and exogenous auxins
on plant growth, sensitive detection methods are needed. In this chapter, the
design and construction of two different whole-cell bacterial auxin bioreporters
is illustrated. Both use the auxin responsive protein HpaA as an input module.
The first auxin bioreporter incorporates the gfp gene to produce a fluorescent
bioreporter. The second bioreporter utilizes the genes phzM and phzS to
produce a pyocyanin-producing bioreporter whose product can be measured
electrochemically in an integrated biosensor.
The fluorescent bioreporter can detect auxins 4-hydroxyphenylacetic acid (4-
HPA) and 2-phenylacetic acid (PAA) concentrations from 31.25 µM to 3 mM
in a dose-response manner.
The pyocyanin-producing biosensor is able to detect 4-HPA concentrations from
1.95 µM to 15.63 µM and PAA concentrations from 15.63 µM to 125 µM.
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3.2 Introduction
The auxin reporters are whole-cell bacterial bioreporters that contain an input
module and two different output modules. The input module consists of an
auxin responsive protein, transcription factor HpaA, which detects the presence
of auxins. After binding the auxin, HpaA transduces the signal by binding to
promoter PBC and subsequently activates the expression of the output module,
GFP or pyocyanin.
In this chapter, the design and construction of two whole-cell bacterial auxin
bioreporters is described. Section 3.2.1 reports on a suitable auxin responsive
protein, HpaA, that will be used as an input module for the bioreporter. Section
3.3.2 describes the combination of HpaA with a GFP-producing output module,
resulting in a fluorescence producing auxin bioreporter. Next, section 3.3.3
describes the combination of the responsive protein with a pyocyanin-producing
output module. This pyocyanin-producing bioreporter was integrated with
a MEA, resulting in an auxin biosensor that produces redox-active molecule
pyocyanin in the presence of auxins. This chapter ends with a discussion of the
results of both bioreporters in section 3.4.
3.2.1 Description of auxin responsive protein HpaA
A functional whole-cell auxin bioreporter requires an auxin responsive protein
that functions as an input module. This input module is a protein or other
biological component that can bind to auxins and signal their presence in the cell.
Such a responsive protein can often be found in catabolic pathways because these
pathways are all adapted to the metabolism of specific compounds and should
only be active in the presence of these compounds. Catabolic pathways regularly
possess transcriptional regulators that regulate the expression of metabolizing
enzymes by binding the compound that is to be metabolized [205]. The ability
of a regulator to induce the expression of certain genes after binding a specific
compound allows it to be used as a responsive protein for the detection of that
specific compound.
Prieto et al. have identified several operons involved in the catabolic pathways
of auxins 2-phenylacetic acid (PAA) (Fig. 1.6–B (page 17)) and its derivative
4-hydroxyphenylacetic acid (4-HPA) (Fig. 1.6–F (page 17)) in E. coli W (ATCC
11105) [56, 59], including operon hpaBC which provided the required auxin
responsive protein [155]. Operon hpaBC is present in E. coli W (ATCC 11105),
a bacterial strain that has the innate ability to metabolize aromatic compounds




hpaBC codes for a two component aromatic hydroxylase, HpaBC, responsible
for the first step of the 4-HPA catabolism. Its expression is regulated by
transcription factor HpaA, encoded by gene hpaA, which is constitutively
expressed by promoter PA.
Once HpaA is bound to 4-HPA a conformation change occurs, allowing the
HpaA–4-HPA complex to bind to promoter PBC . This induces the expression
of HpaBC, downstream of PBC , which in turn will break down 4-HPA (Fig.
3.1) [154, 155].
The ability of HpaA to induce expression of genes downstream of promoter PBC
after binding 4-HPA, allows it to be used as biological responsive protein for a
4-HPA bioreporter. PAA has a similar structure to 4-HPA and can also bind
to HpaA [155], which can therefore be used to detect both 4-HPA and PAA.
HpaA was also used in combination with indole-3-acetic acid (IAA) (Fig. 1.6–A
(page 17)), another auxin with a different structure from 4-HPA and PAA, to
verify the selectivity of the bioreporter.
Figure 3.1: Regulation of operon hpaBC by HpaA, encoded by gene hpaA.
(top) HpaA does not bind to promoter PBC in the absence of 4-HPA, therefore
HpaBC is not expressed. (bottom) When 4-HPA binds to HpaA, HpaA in turn
binds to PBC and promotes the expression of hpaBC.
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Prieto et al. constructed pRA2, a plasmid containing constitutive promoter
PA, gene hpaA, auxin responsive promoter PBC and the lacZ gene (Fig. 3.4–A
(page 52)), to study the regulation of hpaBC [155]. E. coli MC4100, a K-12
derived strain which cannot break down 4-HPA, was transformed with pRA2.
If 4-HPA is present in the medium, these bacteria will produce β-galactosidase,
which is measurable by adding a chromogenic substrate such as CPRG. Plasmid
pRA2 was used as a starting point for the construction of both the fluorescent
and the electrochemical whole-cell bacterial auxin bioreporter.
3.3 Results
3.3.1 The activity of HpaA displays a dose-response relation-
ship
The results obtained with an ideal bioreporter describe a dose-response
relationship between the bioreporter and the analyte that is to be measured. The
expression of the reporter molecules should hereby be equivalent to the amount
of analyte present. pRA2/MC4100 was procured from the Department of
Molecular Microbiology, Centro de Investigaciones Biológicas, Consejo Superior
de Investigaciones Científicas in Madrid, Spain, to verify whether it can display
such a dose-equivalent response in response to auxins.
pRA2/MC4100 displays a dose-equivalent response
The production of β-galactosidase by pRA2/MC4100 bacteria in response
to 4-HPA was measured to determine whether 4-HPA can induce a dose-
equivalent response. Figure 3.2 shows the outcome of the expression test of
strain pRA2/MC4100 after an incubation of 24 hours in the presence of 4-HPA
concentrations of either 0 M, 125 µM, 250 µM, 500 µM or 1 mM by showing
the amount of β-galactosidase produced in function of the binary logarithm
(log2) of the auxin concentration. As can be seen in the figure, bacteria grown
in the presence of higher concentrations of 4-HPA induce production of a higher
amount of β-galactosidase. The linear part of the sigmoidal fit of the data
is situated between binary logarithmic values -5–0 and shows that a dose-
equivalent production of β-galactosidase can be achieved in response to 4-HPA
concentrations between 31.25 µM and 1 mM. However, more data points are
needed for a more accurate determination of the upper and lower detection limits.
Since pRA2/MC4100 can detect 4-HPA in a dose-response manner, responsive
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protein HpaA was used for further development of the auxin bioreporters.
Figure 3.2: β-galactosidase production of strain pRA2/MC4100 in function of
the logarithm of 4-HPA (concentrations 0 M, 125 µM, 250 µM, 500 µM, 1 mM).
β-galactosidase production is measured after 24 h of incubation at 37◦C. Error
bars show standard deviation, based on three replicates. The data was fitted
using a sigmoidal dose-response fit (R2 = 0.9767).
pRA2/Top10 displays a dose-equivalent response
The β-galactosidase expression of pRA2/TOP10 in response to 4-HPA, PAA
and IAA was measured and compared to that of pRA2/MC4100 because E. coli
TOP10 is a model E. coli strain often used as recipient cell in transformations.
Figure 3.3–A compares the β-galactosidase expression between both strains of E.
coli in the presence of 4-HPA concentrations of either 0 M, 125 µM, 250 µM, 500
µM or 1 mM. pRA2/TOP10 and pRA2/MC4100 both display a dose-equivalent
response in response to 4-HPA, yet pRA2/MC4100 produces higher amounts
of β-galactosidase (Fig. 3.3–A). pRA2/TOP10 appears to not have reached a
plateau yet, but more data points are needed for a more accurate determination
of the upper and lower detection limits.
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Figure 3.3: β-galactosidase production of strains pRA2/MC4100 and
pRA2/TOP10 in response to A. 4-HPA B. PAA C. IAA (concentrations 0
M, 125 µM, 250 µM, 500 µM, 1 mM). β-galactosidase production is measured
after 24 h of incubation at 37◦C. Error bars show standard deviation, based on
three replicates. The data was fitted using a sigmoidal dose-response fit.
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A dose-equivalent response can be seen for PAA in both strains (Fig. 3.3–B)
as well. However, the linear part of the sigmoidal fit only starts around 125
µM (binary logarithmic value: -3) and a plateau has not yet been reached.
Additionally, the amount of produced β-galactosidase in response to PAA is
four times less as compared to β-galactosidase production in the presence of
4-HPA.
Neither pRA2/MC4100 nor pRA2/TOP10 produce more β-galactosidase in
response to IAA, than in its absence (Fig. 3.3–C).
The average expression of β-galactosidase in the presence of auxins is slightly
lower in pRA2/TOP10 bacteria, but in absence of either 4-HPA or PAA, there
is less β-galactosidase activity in TOP10 than in MC4100 bacteria. There is
therefore less leaky expression of β-galactosidase in TOP10 than in MC4100
bacteria. And while pRA2/TOP10 bacteria produce lower amounts of β-
galactosidase, they have a better signal-to-noise ratio than pRA2/MC4100
bacteria. These results show that E. coli TOP10 is suitable as a genetic
background for the HpaA input module and that the auxin responsive protein
is selective for 4-HPA and PAA.
3.3.2 GFP as reporter system
Design of a GFP-producing auxin bioreporter
The LacZ reporter system is a labour-intensive and time-consuming output
module due to a lengthy preparation process. To improve the usability of the
bioreporter, the LacZ reporter system was replaced by the GFP reporter system,
resulting in a bioreporter with a fluorescence output module.
The GFP reporter system consists only of gene gfp derived of plasmid pFPV25.
pFPV25 is a plasmid often used to study the activity of unknown promoters
[21] because it contains the gfp gene preceded by a multiple cloning site (MCS)
(Fig. 3.4–B) [203].
The DNA sequence of pRA2 containing the constitutive PA promoter, the
hpaA gene followed by 4-HPA responsive promoter PBC was amplified and
placed upstream of the gfp gene in plasmid pFPV25. This resulted in plasmid
pCMPG10652 (Fig. 3.4–C), as described in materials and methods (chapter 2).
4-HPA and PAA induce a dose-equivalent production of GFP
A series of expression tests was performed to determine the validity of
pCMPG10652/TOP10 as a bioreporter. First and foremost pCMPG10652/TOP10
should produce a dose-equivalent response of GFP production in the presence
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Figure 3.4: Construction of plasmid pCMPG10652. Constitutive PA promoter,
the hpaA gene and 4-HPA responsive promoter PBC were copied from plasmid
pRA2 and placed upstream of the gfp gene in plasmid pFPV25. A. pRA2 B.
pFPV25 C. pCMPG10652
of auxins. Secondly, the ideal time point of induction, during the growth of
the bioreporter culture, was to be determined. Cultures of bacteria display
four distinct phases during growth. During lag phase (0–2 h), bacteria adapt
to growth conditions, the exponential phase (2–6 h) is characterized by cell
doubling. After depletion of essential nutrients the growth rate and the death
rate are equal, this phase is called the stationary phase (6–10 h) as a plateau in
population level has been reached. And finally the bacteria die during the death
phase (+10 h). Assays were performed to verify which phase of growth was the
best time point of induction for pCMPG10652/TOP10 bacteria by inducing the
bacteria during either lag phase, exponential phase or stationary phase. Thirdly,
all induced pCMPG10652/TOP10 bacteria were measured every 2 hours for
24 hours to determine the length of time needed to produce a dose-equivalent
response. All experiments were performed in the presence of either 4-HPA, PAA
or IAA.
The results of the 24 hours during experiments of pCMPG10652/TOP10 bacteria
induced by either 4-HPA, PAA or IAA, during either lag phase, exponential
phase or stationary phase are shown in figures 3.5–3.13 where the amount of
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fluorescence produced is shown in function of the binary logarithm of the auxin
concentration. All data is fitted using a sigmoidal dose-response fit as described
in materials and methods, section 2.6. The R2 -values, obtained from these fits,
are a measure for how well the generated curve fits the data and will be used as
an objective standard, they are listed in table 3.1.
The figures and their respective R2-values show that pCMPG10652/TOP10
bacteria achieve a dose-response in the presence of 4-HPA and PAA. They also
show that for both 4-HPA and PAA, the best dose-response results are obtained
after induction during the exponential phase of growth since the average of
the R2-values of the fits is highest for the exponential phase for both auxins
(average R2-values for 4-HPA are 0.9843, 0.8968 and 0.8905 for exponential, lag
and stationary phase respectively, for PAA they are 0.9407, 0.9366 and 0.8717).
IAA elicits no production of GFP, independent of induction during a particular
phase, as can be seen in figures 3.11–3.13 (despite high R2-values of the fits of
the data of the initial time points).
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Figure 3.5: GFP production of strain pCMPG10652/TOP10 in response to
4-HPA, induced during exponential phase (concentrations 0 M, 0.49 µM, 0.98
µM, 1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250
µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2
hour steps. Error bars show standard deviation, based on three replicates. The
data was fitted using a sigmoidal dose-response fit.
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Table 3.1: List of R2-values obtained from the sigmoidal dose-response fits of the GFP production in response to
auxin 4-HPA, PAA or IAA. The R2-value of each time point (0–24 hours) is shown for all three moments of induction
(exponential, lag or stationary phase). The average of the R2-values over all time points per moment of induction is
shown in the last row. Empty boxes denote data for which no fit could be obtained.
4-HPA PAA IAA
∆h exp lag stat exp lag stat exp lag stat
0 0.2725 0.1445 0.1421 0.7459 0.4842
2 0.9148 0.5490 0.9049 0.7054 0.7830 0.5004 0.4935 0.3455
4 0.9777 0.9472 0.9426 0.8753 0.8212 0.8976 0.5152 0.677 0.3778
6 0.9853 0.9799 0.9407 0.9344 0.8680 0.9199 0.4228 0.6707 0.4683
8 0.9915 0.9896 0.9497 0.9582 0.9045 0.9254 0.5316 0.5715 0.3938
10 0.9962 0.9885 0.9591 0.9764 0.9298 0.9427 0.3933 0.4202 0.3556
12 0.9956 0.9932 0.9664 0.9763 0.9530 0.9728 0.4936 0.2207
14 0.9902 0.9908 0.9613 0.9800 0.9589 0.9573 0.4406
16 0.9931 0.9868 0.9631 0.9798 0.9718 0.9602 0.3465 0.1537
18 0.9928 0.9892 0.9560 0.9745 0.9764 0.9670 0.1724
20 0.9905 0.9904 0.9576 0.9772 0.9758 0.9534 0.1003 0.3165 0.1804
22 0.9912 0.9920 0.9643 0.9809 0.9710 0.9534 0.1108 0.3660
24 0.9934 0.9896 0.9665 0.9699 0.9724 0.9567 0.1160
Average 0.9843 0.8968 0.8905 0.9407 0.9366 0.8717 0.3678 0.4762 0.3096
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Figure 3.6: GFP production of strain pCMPG10652/TOP10 in response to
4-HPA, induced during lag phase (concentrations 0 M, 0.49 µM, 0.98 µM, 1.95
µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM, 500
µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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Figure 3.7: GFP production of strain pCMPG10652/TOP10 in response to
4-HPA, induced during stationary phase (concentrations 0 M, 0.49 µM, 0.98
µM, 1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250
µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2
hour steps. Error bars show standard deviation, based on three replicates. The
data was fitted using a sigmoidal dose-response fit.
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Figure 3.8: GFP production of strain pCMPG10652/TOP10 in response to
PAA, induced during exponential phase (concentrations 0 M, 0.49 µM, 0.98
µM, 1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250
µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2
hour steps. Error bars show standard deviation, based on three replicates. The
data was fitted using a sigmoidal dose-response fit.
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Figure 3.9: GFP production of strain pCMPG10652/TOP10 in response to
PAA, induced during lag phase (concentrations 0 M, 0.49 µM, 0.98 µM, 1.95
µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM, 500
µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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Figure 3.10: GFP production of strain pCMPG10652/TOP10 in response to
PAA, induced during stationary phase (concentrations 0 M, 0.49 µM, 0.98 µM,
1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM,
500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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Figure 3.11: GFP production of strain pCMPG10652/TOP10 in response to
IAA, induced during exponential phase (concentrations 0 M, 0.49 µM, 0.98 µM,
1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM,
500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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Figure 3.12: GFP production of strain pCMPG10652/TOP10 in response to
IAA, induced during lag phase (concentrations 0 M, 0.49 µM, 0.98 µM, 1.95
µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM, 500
µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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Figure 3.13: GFP production of strain pCMPG10652/TOP10 in response to
IAA, induced during stationary phase (concentrations 0 M, 0.49 µM, 0.98 µM,
1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM,
500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM) measured during 24 hours, with 2 hour
steps. Error bars show standard deviation, based on three replicates. The data
was fitted using a sigmoidal dose-response fit.
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The R2-values were used as an objective standard to determine the length of
time, after induction, needed for pCMPG10652/TOP10 bacteria to produce
a dose-equivalent response. The R2-values of the fits of the data obtained
after 2–4 hours induction in the presence of 4-HPA, induced during exponential
phase, are higher than 0.9100, which suggests that a dose-response result can
be achieved after 2–4 hours of incubation. Figure 3.14–A shows the GFP
production of pCMPG10652/TOP10 bacteria after 2–4 hours in the presence of
4-HPA, induced during exponential phase. A dose-response result can clearly
be seen, even though the amount of fluorescence produced after 2–4 hours of
incubation is markedly lower than after 24 hours of incubation.
Figure 3.14: GFP production of strain pCMPG10652/TOP10 after 2-4 hours in
response to A. 4-HPA B. PAA (concentrations 0 M, 0.49 µM, 0.98 µM, 1.95
µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM, 250 µM, 500
µM, 1 mM, 1.5 mM, 2 mM, 3 mM), induced during exponential phase. Error
bars show standard deviation, based on three replicates. The data was fitted
using a sigmoidal dose-response fit.
In figure 3.14–B a closer look at the GFP production of pCMPG10652/TOP10
bacteria after 6–8 hours in the presence of PAA is shown, also induced during
exponential phase. Here too a dose-response result can be seen, while similarly
less fluorescence is produced than after 24 hours of incubation. The R2-values
of the fits shown in figure 3.14–B are higher than 0.9300, corroborating the
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dose-response result pCMPG10652/TOP10 bacteria produce in the presence
of PAA. Similar to the results obtained with the lacZ reporter system, PAA
elicits less GFP production than 4-HPA
For both 4-HPA and PAA the linear part of the sigmoidal fit starts at
31.25 µM (binary logarithmic value: -5) and a plateau is reached at 3
mM (binary logarithmic value: 1.585). This means that 4-HPA and PAA
concentrations between 31.25 µM and 3mM can be detected dose-responsely with
pCMPG10652/TOP10. For 4-HPA only 2–4 hours of incubation is needed, while
PAA requires 6–8 hours of incubation for a dose-response detection of 4-HPA
or PAA concentrations between 31.25 µM and 3 mM. pCMPG10652/TOP10
does not produce any GFP in response to IAA, which was also observed for the
lacZ reporter system (section 3.3.1)
3.3.3 Pyocyanin as reporter system
Auxin responsive protein HpaA is able to induce a dose-response production of
GFP. The GFP reporter system offers a rapid signal transduction from auxin
detection to concentration determination via optical signal detection. The signal
in the novel pyocyanin reporter system is transduced to an electrical current.
Althought the cellular transduction of the signal in the cell is more complex
than that of GFP, the measurement of pyocyanin should offer a rapid signal
transduction which can easily be adapted to in situ applications.
Pyocyanin
Pseudomonas aeruginosa (P. aeruginosa) produces several virulence factors to
establish chronic respiratory infections. One of these factors is toxin pyocyanin,
a redox-active blue pigment that is required for full virulence. Pyocyanin is
associated with airway infections and cystic fibrosis in humans. It plays a
key role in several important cellular functions in host cells including immune
mechanisms, cellular respiration and electron transport [79, 158].
Pyocyanin is a phenazine, which is a nitrogen-containing heterocyclic compound
produced by some bacteria such as Pseudomonas and Streptomyces species
[197]. Phenazines are synthesized from chorismic acid, an intermediate from
the shikimic acid pathway. The biosynthesis of pyocyanin from chorismic
acid in P. aeruginosa is complex and consists of two homologous operons
(phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2 ) to produce phenazine-1-
carboxylic acid (PCA), and two additional genes (phzM and phzS) whose gene
products convert PCA to 5-methylphenazine-1-carboxylic acid (5-MCA) and
5-MCA to pyocyanin respectively (Fig. 3.15) [122].
Pyocyanin oxidizes when a voltage of -240 mV is applied to it, opposed to a
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Ag/AgCl electrode. Electrons are exchanged during oxidation, this induces a
measurable current equivalent to the concentration of pyocyanin present. More
electrons will be exchanged in the oxidation process of a high concentration of
pyocyanin than during oxidation of a low concentration of pyocyanin. Hence,
a high concentration of pyocyanin will induce a higher current than a low
concentration of pyocyanin [17]. While many biological relevant molecules
oxidize when a voltage is applied, most oxidize at positive voltages. At negative
voltages only phenazines will be detected [215]. Therefore pyocyanin is an
interesting candidate for use as a bacterial output product because there is only
a small chance of false positives.
In this work, the production of pyocyanin will be measured by means of cyclic
voltammetry (CV) whereby a potentiostat applies a series of voltages, cycling
20 times between -0.5 V and 0.1 V, with a 2 mV step voltage. Since pyocyanin
oxidizes when a voltage of -240 mV is applied and is reduced at an applied
voltage of -280 mV [215] a current will be produced at these voltages. The
results of CV experiments are shown as a voltammogram which shows the
measured induced current in function of the applied voltage. Therefore, for
pyocyanin, a peak of current will be seen in the voltammogram at an applied
voltage of -240 mV and -280 mV. The height of these peaks is dependent on the
amount of pyocyanin in the medium because high concentrations of pyocyanin
will induce high currents.
Figure 3.15: Pathway of the production of pyocyanin from chorismic acid.
Chorismic acid is converted to PCA by the gene products of the two homologous
operons phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2. PCA is converted
to 5-MCA by PhzM from the phzM gene. 5-MCA is converted to pyocyanin by
PhzS, product of the phzS gene.
Design of a pyocyanin-producing auxin bioreporter and biosensor
The pyocyanin-producing auxin bioreporter whose signal can be detected using
an electrical readout to produce a biosensor was designed similarly to the
GFP-producing bioreporter. Plasmid pUCP-MS was used as template for the
output system of the bioreporter. pUCP-MS contains genes phzM and phzS
(Fig. 3.16–B) of P. aeruginosa which are needed to convert PCA to 5-MCA
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and 5-MCA to pyocyanin respectively [122].
The DNA sequence of pRA2 (Fig. 3.16–A) containing the constitutive PA
promoter, the hpaA gene and 4-HPA responsive promoter PBC was amplified
and placed upstream of the phzM gene in plasmid pUCP-MS to result in
pCMPG10653 (Fig. 3.16–C), as described in materials and methods (chapter
2).
An additional plasmid is needed to complement pCMPG10653 in the
construction of a working pyocyanin-producing bioreporter since precursor PCA
is usually not readily available in E. coli TOP10 cells. Plasmid pCMPG10602
contains the operon comprising genes phzA2B2C2D2E2F2G2 of P. aeruginosa
under control of a PBAD promoter [208]. The gene products of this operon
convert chorismic acid to PCA and their expression is induced by the presence
of arabinose, thus high doses of PCA will be produced when arabinose is
present. Figure 3.17 shows a schematical overview of the pyocyanin-producing
bioreporter.
Figure 3.16: Construction of plasmid pCMPG10653. Constitutive PA promoter,
the hpaA gene and 4-HPA responsive promoter PBC were copied from plasmid
pRA2 and placed upstream of the phzM gene in pUCP-MS. A. pRA2 B. pUCP-
MS C. pCMPG10653
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Figure 3.17: Schematical overview of the pyocyanin-producing bioreporter.
In the presence of 4-HPA, PhzM and PhzS are expressed. In the presence
of arabinose, pCMPG10602 expresses proteins to convert chorismic acid
to phenazine-1-carboxylic acid (PCA). Protein PhzM converts PCA to
5-methylphenazine-1-carboxylic acid (5-MCA). Protein PhzS converts 5-
methylphenazine-1-carboxylic acid to pyocyanin.
4-HPA and PAA induce a dose-equivalent production of pyocyanin
E. coli TOP10 bacteria were transformed with both pCMPG10602, to convert
chorismic acid to PCA, and pCMPG10653, to convert PCA to pyocyanin in
the presence of auxins. These bacteria were then grown in the presence of
arabinose and either 4-HPA, PAA or IAA. Subsequently, the production of
pyocyanin in response to the different auxins was measured by means of CV.
The voltammograms of measurements of bacteria containing pCMPG10602 and
pCMPG10653 in response to different concentrations of 4-HPA are superimposed
in figure 3.18–A whereby the oxidation peak at -240 mV of each coloured
graph represents the amount of pyocyanin produced in response to a certain
concentration of 4-HPA. The figure shows that a 4-HPA concentration of 15.63
µM elicits the highest amount of pyocyanin production because the current peak
at -240 mV is highest for the green voltammogram. Concentrations of 4-HPA
above 15.63 µM induced production of pyocyanin but not in a dose-response
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manner. Subsequent lower concentrations of 4-HPA elicit lower amounts of
pyocyanin production. Figure 3.18–B is a plot of the induced current at an
applied voltage of -240 mV in function of the binary logarithm of 4-HPA
concentration, thus showing the height of the peak of pyocyanin oxidation
for each 4-HPA concentration. The figure corroborates the dose-response
relationship of the pyocyanin production in response to 4-HPA concentrations
between 1.95 µM and 15.63 µM (binary logarithmic values: -9– -6).
Figure 3.19–A is a superimposition of the voltammograms of the different
amounts of pyocyanin produced in response to PAA concentrations from 15.63
µM to 125 µM (binary logarithmic values: -6– -3). As with 4-HPA, an
oxidation peak can be seen at -240 mV and an inverted reduction peak at
-280 mV which means that PAA also induces the expression of pyocyanin in this
auxin biosensor. A PAA concentration of 125 µM elicits the highest amount
of pyocyanin production because the current peak at -240 mV of the black
voltammogram is higher than the others. Figure 3.19–B is a plot of the induced
current at an applied voltage of -240 mV in function of the binary logarithm of
PAA concentration. This figure clearly shows that the production of pyocyanin
in response to PAA is dose-responsive. A higher concentration than 125 µM of
PAA induces pyocyanin production but not in a dose-response manner, similar
to pyocyanin production in response to 4-HPA.
Figure 3.20–A is a superimposition of the voltammograms of the different
amounts of pyocyanin produced in response to IAA concentrations from 0 M to
500 µM. There was no discernible difference in pyocyanin production between
different IAA concentrations. This is shown clearly in figure 3.20–B where
the measured current is actually decreasing with an increasing concentration
of IAA. IAA therefore elicited no measurable production of pyocyanin at any
concentration.
Figures 3.18–A, 3.19–A and 3.20–A all show an additional peak of oxidation at
± -50 mV and reduction at ± -100 mV. These peaks cannot be attributed to the
oxidation or reduction of pyocyanin. Hence, a different redox-active compound
is being produced, the identity of which could not be determined.
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Figure 3.18: A. Superimposition of voltammograms showing the production of
pyocyanin in response to 4-HPA (concentrations purple: 1.95 µM, light green:
3.91 µM, blue: 7.81 µM, green: 15.63 µM). Added lines at -240 mV and -280
mV show the peaks representing the production of pyocyanin, added lines at
-50 mV and -100 mV show the peaks representing the unknown redox-active
compound. B. Plot of induced current at an applied voltage of -240 mV in
function of 4-HPA concentration (concentrations 0 M, 1.95 µM, 3.91 µM, 7.81
µM, 15.63 µM). Error bars show standard deviation, based on one biological
replicate. The data was fitted using a sigmoidal dose-response fit (R2 = 0.9828).
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Figure 3.19: A. Superimposition of voltammograms showing the production
of pyocyanin in response to PAA (concentrations pink: 3.91 µM, red: 7.81
µM, yellow: 15.63 µM, purple: 31.25 µM, light green: 62.50 µM, black: 125
µM). Added lines at -240 mV and -280 mV show the peaks representing the
production of pyocyanin, added lines at -50 mV and -100 mV show the peaks
representing the unknown redox-active compound. B. Plot of induced current at
an applied voltage of -240 mV in function of PAA concentration (concentrations
0 M, 3.91 µM, 7.81 µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM). Error bars
show standard deviation, based on one biological replicate. The data was fitted
using a sigmoidal dose-response fit (R2 = 0.9848).
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Figure 3.20: A. Superimposition of voltammograms showing the production of
pyocyanin in response to IAA B. Plot of induced current at an applied voltage
of -240 mV in function of IAA concentration (concentrations 0 M, 0.45 µM,
0.9 µM, 1.95 µM, 3.91 µM, 7.81, µM, 15.63 µM, 31.25 µM, 62.50 µM, 125 µM,
250 µM, 500 µM). Error bars show standard deviation, based on one biological
replicate. The data was fitted using a sigmoidal dose-response fit (R2 = 0.7798).
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3.4 Discussion
Table 3.2: List of constructed bioreporters described in this chapter.
Plasmid Function
pCMPG10602 Production of enzymes that convert chorismic acid into PCA
pCMPG10652 Production of GFP in the presence of 4-HPA and PAA
pCMPG10653 Production of pyocyanin in the presence of 4-HPA and PAA
In this chapter, two different whole-cell bacterial auxin bioreporters were
designed and constructed. In both cases, the auxin responsive protein HpaA
was used as an input module. For the construction of the first bioreporter,
HpaA was cloned upstream of a GFP output module, resulting in a fluorescent
bioreporter. For the construction of the second, HpaA was combined with a
pyocyanin output module, which resulted in an electrochemical biosensor.
The GFP-producing auxin bioreporter (bacteria transformed with pCMPG10652)
displays a dose-response result in response to 4-HPA and PAA concentrations
from 31.25 µM to 3 mM. The pyocyanin-producing auxin bioreporter (bacteria
transformed with pCMPG10602 and pCMPG10653) shows a dose-response
production of pyocyanin in response to 4-HPA concentrations from 1.95 µM to
15.63 µM and PAA concentrations from 15.63 µM to 125 µM.
According to Machakova et al., auxins are in most cases active in the
concentration range of 0.1–10 µM. Moreover, concentrations higher than 10
µM are often inhibitory [114]. With the exception of the pyocyanin-producing
bioreporter that can detect 4-HPA partially in this range, the constructed
bioreporters are not sensitive enough to detect active concentrations of auxins.
Several limitations contribute to the lower sensitivity of the auxin bioreporters.
The most important limitation of the constructed auxin bioreporters is the
transport over the cellular membrane. Auxins are lipophilic weak acids and
should as such be unable to freely enter bacterial cells by passive membrane
diffusion [132]. This appears to be the case for IAA [132] and might be one
of the reasons the auxin bioreporters are unable to detect IAA. Prieto and
García report that 4-HPA and PAA are able to enter bacterial cells by passive
membrane diffusion in concentrations corresponding to the concentrations the
auxin bioreporters described in this work were able to detect [156]. However,
Prieto and García identified a 4-HPA transport gene, the hpaX gene, that
codes for a transport protein that actively transports 4-HPA over the bacterial
membrane. This could allow for detection of 4-HPA in the concentration range
of 0.1–1 µM [156]. The upper limit of 1 µM is lower than the upper detection
limit in absence of transport protein (3 mM) because 4-HPA accumulates faster
in the bacterial cell as it is transported faster and not metabolized. The use of a
transporter protein to actively transport 4-HPA into the bioreporter would also
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reduce the time required for a dose-response production of reporter molecule
[156]. As of now, no such transporter proteins have been found for either PAA
or IAA [132, 183].
The use of arabinose for the induction of the phzA2B2C2D2E2F2G2 operon,
whose gene products are needed to convert chorismic acid to PCA, poses another
limitation. The response of the arabinose–PBAD system in individual cells to
arabinose concentrations is not linear [89, 176]. E. coli cells containing the
gfp gene under PBAD control display all-or-none behaviour whereby a cell
either produces no GFP or a lot of GFP. This was attributed to the need
for transporters to transport arabinose over the bacterial membrane. Because
cells that are able to transport arabinose into the cell are able to induce the
expression of more transporter, resulting in even more arabinose inside the
cell and even higher expression of the transporter. The cells that are not able
to transport arabinose into the cell on the other hand are unable to induce
expression of either the transporter or GFP [90]. It would therefore be useful
to replace the PBAD promoter controlling the phzA2B2C2D2E2F2G2 operon
with a constitutive promoter or even the promoter of the lac operon which is
inducible by the synthetic isopropyl-β-D-thiogalactoside (IPTG) which does
not require a transporter to enter the cell.
Comparing both auxin bioreporters, it can be concluded that the GFP-producing
auxin bioreporter is able to detect a broader range of concentrations, and higher
concentrations, of both 4-HPA and PAA. This difference in sensitivity is likely
caused by the greater complexity of the pyocyanin reporter system. While the
GFP reporter system consists of a single gene, the pyocyanin reporter system
consists of two operons. Both operons encode several enzymes that convert
intermediairies to produce one end product. The production of the end product
can easily be blocked or delayed in such a long chain of conversions.
Both auxin bioreporters are specific to 4-HPA and PAA since they fail to
adequately detect IAA. The amount of β-galactosidase, GFP or pyocyanin
produced in response to any concentration of IAA is the same as the production
of these reporters in absence of auxins. Besides the fact that IAA is worse at
passing the bacterial membrane, figure 1.6 (page 17) shows that IAA differs
sufficiently in structure from PAA and 4-HPA to explain that HpaA is unable to
bind IAA. All other natural auxins have a structure similar to IAA (Fig. 1.6),
but further research is needed to sufficiently determine the selectivity of the
bioreporters. The recent characterization of the iac genes, coding for enzymes
that act in the degradation of IAA can aid in the development of a bioreporter
for IAA and the auxins closely resembling IAA [170].
Throughout this chapter PAA has shown to elicit less production of reporter
molecule than 4-HPA. This is to be expected since 4-HPA is the natural ligand
of HpaA and although PAA closely resembles 4-HPA in structure, the lack
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of hydroxyl group prevents PAA from binding to HpaA as efficiently as 4-
HPA. Furthermore, PAA can pass the bacterial membrane less easily than
4-HPA [156], this possibly contributes to the lower production of reporter
molecules. Incorporating transporter proteins to actively transport both 4-HPA
and PAA would improve the detection of both auxins and the time needed
for this detection. Additionally, a directed evolution approach or a computer
assisted approach could improve HpaA to better bind PAA and help to create
bioreporters (more) specific to 4-HPA and PAA.
The additional peak of oxidation at -50 mV observed in figures 3.18–A, 3.19–A
and 3.20–A cannot be attributed to the presence of pyocyanin. The height of
the additional peak is inversely related to the concentration of auxin whereby
low concentrations show a higher peak at -50 mV. Therefore another redox-
active molecule is being produced in the presence of low amounts of auxins,
even in the presence of IAA, which does not induce expression of pyocyanin
itself. This molecule is likely also a phenazine or a precursor since it oxidizes
at a negative voltage, but could not be identified yet. There are a number
of possible candidates for this phenazine since the conversion of chorismic
acid to pyocyanin has many intermediates. The most likely candidate is PCA
because this intermediate is produced continuously by the products of plasmid
pCMPG10602. PCA is converted to pyocyanin by PhzM and PhzS, but at
low auxin concentrations the expression of PhzM and PhzS will also be low.
Thus the amount of PCA will build up because it cannot be converted to
pyocyanin. This would also explain the peak at -50 mV for IAA. Nevertheless,
the oxidation of PCA happens at -400 mV [17] and not at -50 mV. The only
intermediate which oxidizes at approximately -50 mV is 5-MCA whose oxidation
happens at -70 mV and reduction at -100 mV [17]. 5-MCA is thus very likely
the intermediate phenazine that is visible on the voltammograms. 5-MCA is
converted from PCA by PhzM and is normally converted to pyocyanin by PhzS.
This might suggest that the expression of phzS is lower than that of phzM at
low concentrations of auxins. Here too, further research is needed to determine
the source of the accumulating molecule.
In the genome of P. aeruginosa, phzM and phzS are located on opposite ends
of operon phzA1B1C1D1E1F1G1, both with their own promoter. In pUCP-MS,
both genes were placed under control of the promoter of the lac operon. pUCP-
MS was originally constructed to study the production of pyocyanin and might
therefore not be suitable to use as a reporter system.
In summary, the auxin bioreporter’s production of three different reporter
systems (LacZ, GFP and pyocyanin) was measured in response to three different
auxins (4-HPA, PAA and IAA).
The β-galactosidase producing auxin bioreporter, pRA2/TOP10, can detect
4-HPA and PAA, up until a concentration of 1 mM. However, the lacZ reporter
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system is labour-intensive and difficult to use in situ.
The GFP-producing auxin bioreporter, pCMPG10652/TOP10, can detect 4-
HPA and PAA in a broad range of concentrations with a detection limit of
31.25 µM.
The pyocyanin-producing auxin biosensor, pCMPG10602&pCMPG10653/TOP10,
is able to detect 4-HPA and PAA at low concentrations but only between
limited concentrations. All three however, are unable to detect IAA at any
concentration.
Chapter 4
Design and construction of
steroid hormone bioreporters
4.1 Abstract
The increased use of oral contraceptives is a risk to worldwide water safety. To
estimate the severity of the danger, an adequate sensor for steroid hormones
is required. As of now, the only available methods for the detection of steroid
hormones are labour-intensive, expensive methods. There is a need for a fast,
cost-effective, in situ sensor. In an effort to provide such a sensor, this chapter
describes the design and construction of two different whole-cell bacterial steroid
hormone bioreporters. Both use the steroid hormone responsive protein RepA
combined with the two operator sites it binds to, as an input module. For the
first steroid hormone bioreporter, the signal from the input module is relayed
to the gfp gene as output module, effectively creating a fluorescent bioreporter.
The second bioreporter relays the input signal to the genes phzM and phzS
to produce the redox-active molecule pyocyanin. The output signal of this
bioreporter is measured electrochemically and can be integrated with a MEA,
resulting in a whole-cell biosensor.
The fluorescent bioreporter is able to dose-responsely detect the presence of
testosterone, 17β-estradiol, 17α-ethinylestradiol, estrone and progesterone with
detection limits between 250 µM and 1 mM.
The pyocyanin-producing bioreporter is unable to produce pyocyanin in the
presence of steroid hormones.
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4.2 Introduction
The steroid hormone reporters are whole-cell bacterial bioreporters. Similar to
the auxin bioreporters (chapter 3), they consist of an input module and two
different output modules. The input module consists of a steroid responsive
protein, transcriptional repressor RepA, which is found in the testosterone-
degrading bacteria Comamonas testeroni (C. testosteroni). RepA transduces
the presence of steroid hormones by releasing two operator DNA sequences and
freeing up a promoter, this activates the expression of the output module.
In this chapter the design and construction of two whole-cell bacterial steroid
hormone bioreporters is described. First, some background on bacterium C.
testosteroni is provided in section 4.2.1. This is followed by a description of the
role of steroid responsive repressor RepA in the regulation of the expression
of 3α-hydroxysteroid dehydrogenase/reductase (3α-HSD/CR) in section 4.2.2.
Next, section 4.3.1 shows the design and experimental results of a steroid
hormone bioreporter using GFP as reporter system, followed by the results of
a bioreporter using pyocyanin as reporter system in section 4.3.2. And finally,
this chapter ends with a discussion of the results of both bioreporters in section
4.4.
4.2.1 Comamonas testosteroni
C. testosteroni are Gram-negative soil bacteria. They are motile, nonspore-
forming rods that possess one to five polar flagella [187]. C. testosteroni can
be found in soil and water environments where they live under strictly aerobic
conditions [53]. In very rare cases, the bacterium has been found to infect
humans [2, 30, 53].
All members of the Comamonas genus can assimilate a variety of organic
compounds but none use sugars as carbon source [187], C. testosteroni, for
example, survives on testosterone metabolism. As such, it is often found in active
sludge of sewage treatment plants where it increases the breakdown of aromatic
hydrocarbons like steroids [23, 82, 105]. Active sludge is part of the process
for treating sewage and industrial wastewaters and consists of a hugely diverse
population of bacteria [83]. Its main purpose is to oxidize biological matter and
to remove phosphates from wastewater. C. testosteroni in active sludge breaks
down steroids by making use of short-chain dehydrogenase/reductases (SDR).
This large superfamily of NAD (P)(H)-dependent oxidoreductases includes
enzymes like 3α-HSD/CR which catalyzes the oxidation at position three of
the steroid nucleus to start the breakdown of steroids [125] (Fig. 4.1).
The expression of 3α-HSD/CR in C. testosteroni is regulated by steroid
responsive repressor RepA.
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4.2.2 Regulation of 3α-hydroxysteroid dehydrogenase/reduc-
tase expression
The regulation of 3α-hsd, the gene encoding 3α-HSD/CR is shown schematically
in figure 4.1. The 3α-hsd gene is preceded by two operator sites, 10 nucleotide
palindromic sequences separated by approximately 1600 nucleotides. Repressor
RepA, product of gene repA, binds to the two operator sites in the absence
of steroid hormones. By binding to the operator sites, a DNA loop is formed
which prevents RNA polymerase from binding to 3α-hsd’s promoter. Steroid
hormones present in the environment bind RepA causing it to release the
operator sites. This in turn frees 3α-hsd’s promoter for RNA polymerase to
start the transcription of 3α-HSD/CR [220].
Figure 4.1: Regulation of the expression of 3α-hsd. Repressor RepA binds to
two operator sites upstream of 3α-hsd in the absence of steroid hormones. This
causes the creation of a loop which prevents RNA polymerase from binding
to 3α-hsd’s promoter. In the presence of steroid hormones, RepA will release
the operator sites after binding steroid hormones. This frees the promoter of
3α-hsd for RNA polymerase and causes the expression of 3α-HSD/CR .
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Maser and Xiong used this mechanism to construct the COSS (as described in
section 1.5) [121]. This system was constructed by placing the gfp gene into the
chromosome of C. testosteroni by homologous integration. This resulted in a
rapid and easy to manipulate steroid sensoring system that is sensitive (17β-
estradiol concentrations as low as 1.6 mg/L can be detected and even as low as 29
pg/L in a cell-free setup). However, C. testosteroni is not well known compared
to bacteria like E. coli, including its ideal culturing conditions. Additionally,
E. coli is the organism of preference for the construction of bioreporters. For
this reason, the bacterial steroid hormone bioreporter, described in this chapter,
was constructed using E. coli as chassis, with C. testosteroni’s repressor RepA
and the two operator sites it binds to as input for the bacterial bioreporter.
This was combined with two different output systems, GFP and pyocyanin, to
produce two different whole-cell steroid hormone bioreporters.
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4.3 Results
4.3.1 GFP as reporter system
Design of a GFP-producing steroid hormone bioreporter
Figure 4.2 shows the part of the C. testosteroni’s genome containing the 3α-hsd
gene and its regulatory system. The most notable aspect of this DNA sequence
is the fact that the repA gene largely overlaps with both the 3α-hsd gene and
the second operator site. Thus, simply replacing gene 3α-hsd with the gfp gene
would impair the repA gene. Since RepA represses the expression of GFP in the
absence of steroid hormones, an impaired repA gene would ensure expression
of GFP regardless of the presence or absence of steroid hormones. This would
defeat the purpose of the bioreporter. In the construction of COSS, the repA
gene was essentially moved downstream to make room for the gfp gene in the
C. testosteroni chromosome. A similar but different strategy was used for the
construction of a steroid hormone bioreporter described in this chapter.
Figure 4.2: Close up of a part of the C. testosteroni genome. Operator 1 and
operator 2 are separated by approximately 1600 nucleotides. Gene 3α-hsd’s
promoter overlaps with operator 2. The repA gene overlaps with operator 2
and the 3α-hsd gene but is oriented in the opposite direction.
To remove the overlap, the promoter and the two operator sites were split
from the repA gene and cloned in two separate plasmids (Fig. 4.3). Plasmid
pCMPG10654 is constructed by cloning the promoter and two operator sites
of C. testosteroni, in vector pFPV25 upstream of the gfp gene. Plasmid
pCMPG10658 is constructed by cloning the repA gene downstream of the
arabinose inducible PBAD promoter in vector pBAD332. Bacteria transformed
with both plasmids should therefore express RepA in the presence of arabinose,
GFP in the absence of arabinose and, RepA and GFP in the presence of
both arabinose and steroid hormones. To confirm whether this indeed is the
expression pattern of the bioreporter, fluorescence measurements of bacteria
carrying both plasmid pCMPG10654 and pCMPG10658 were performed, the
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results of which can be seen in figure 4.4. In the absence of arabinose there is no
expression of repressor RepA, as a consequence the expression of GFP cannot
be repressed and a high measured fluorescence intensity is measured. In the
presence of 0.02% arabinose, there is expression of repressor RepA. RepA binds
to the two operator sites upstream of the gfp gene and represses the expression
of GFP resulting in a significantly lower measured fluorescence intensity. In the
presence of both arabinose and 250 µM testosterone, repressor RepA is expressed
and represses the expression of GFP. However, testosterone in the medium binds
to RepA after which RepA releases the two operator sites and expression of
GFP is resumed. Although bacteria containing both plasmid pCMPG10654 and
pCMPG106858 show an increase in GFP expression in the presence of 0.02%
arabinose and 250 µM testosterone, this increase is not statistically significant
(Fig. 4.4).
Figure 4.3: Design of plasmids pCMPG10654 and pCMPG10658. The two
operator sites of C.testosteroni were copied and placed upstream of the gfp gene
in plasmid pFVP25. This resulted in plasmid pCMPG10654. The repA gene of
C. testosteroni was copied and placed downstream of the PBAD promoter in
plasmid pBAD332K, resulting in pCMPG10658.
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Figure 4.4: Fluorescence produced by bacteria transformed with pCMPG10654
and pCMPG10658–pCMPG10663. In the absence of arabinose, the RepA
repressor is not expressed, therefore, there is expression of GFP. In the presence
of only arabinose, the RepA repressor is expressed and expression of GFP is
significantly lower. In the presence of both arabinose and testosterone, the
RepA repressor should release the two operator sites and expression of GFP
should follow. However, the increase in fluorescence intensity when testosterone
is added is not statistically significant.
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Construction of constitutively RepA expressing plasmids
Using plasmids pCMPG10654 and pCMPG10658 results in a bioreporter that
has two possible inputs that influence the expression of GFP, namely arabinose
and steroid hormones. This reduces reproducibility, even more so because
induction by arabinose at subsaturating concentrations is bimodal, which means
that gfp gene expression under control of a PBAD promoter is not uniform
with respect to individual cells [176]. Therefore, a small deviation of arabinose
concentration between measurements can give very different results between
experiments, this reduces the reproducibility of the bioreporter significantly. To
improve on the reproducibility, the expression of RepA was made constitutive.
However, the degree of constitutivity, whether the expression is high, medium,
low or somewhere in between, is expected to determine the signal-to-noise ratio
of the bioreporter. This degree of constitutivity is determined by the strength
of the promoter/ribosome binding sites (RBS) combination. A low expression
constitutive promoter/RBS combination upstream of the repA gene causes the
expression of a low amount of RepA to inhibit the expression of GFP. This
might give rise to a high amount of leaky GFP expression because of insufficient
repression. While a high expression constitutive promoter/RBS pair upstream
of the repA gene causes the expression of a high amount of RepA inhibiting the
expression of GFP to a high degree. But the high amount of RepA repressor
might reduce the measurable signal considerably.
Accordingly, five new plasmids were constructed (pCMPG10659-pCMPG10663)
by cloning different combinations of constitutive promoters and RBS upstream
of the repA gene (Table: 4.1). These five plasmids express RepA constitutively,
be it to different degrees. A different degree of RepA expression leads to different
degrees of GFP repression and subsequently to different signal-to-noise ratios.
Fluorescence measurements were performed to determine the optimal level of
repression for a maximum signal-to-noise ratio.
Steroid hormones affect both fluorescence intensity and optical density
Five different steroid hormones were used in all experiments in this chapter,
they are : testosterone, 17β-estradiol, progesterone, 17α-ethinylestradiol and
estrone (Fig. 4.5). Testosterone was chosen because it is the standard ligand for
RepA, the others were chosen because of their prevalence in the environment,
due to their role in the hormonal cycle.
It was found early on that the addition of the steroid hormones affects both the
fluorescence intensity and absorbance (OD595) measurements of the cultures. To
determine the extent of the effect of steroid hormones on these measurements,
an experimental setup was devised whereby the fluorescence and the OD595 of
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Table 4.1: Plasmids containing constitutive RBS and promoter combinations
upstream of the repA gene. Names are taken from the Bioregistry database
[179]. The resulting strength of each combination is stated in the strength
column. The last column contains the name given to bacteria containing
plasmid pCMPG10654 and the specified plasmid.
Plasmid Promoter RBS Strength Strain name
pCMPG10659 J23100 B0034 Strong Strong1RepA
pCMPG10660 J23114 B0034 Weak Weak1RepA
pCMPG10661 J23104 B0032 Weak Weak2RepA
pCMPG10662 J23110 B0031 Strong Strong2RepA
pCMPG10663 J23110 B0032 Medium MediumRepA
Figure 4.5: Structures of steroid hormones used in this work. A. Testosterone
B. 17β-estradiol C. Progesterone D. 17α-ethinylestradiol E. Estrone
bacteria containing pFPV25.1 were measured in the presence of a dilution series
of testosterone from 30 µM to 3 mM (as described in section 2.4). Plasmid
pFPV25.1 is a derivative of pFPV25 with the constitutive promoter rpsM
upstream of the gfp gene. The constitutive production of GFP allows for a
quick observation of the effect of steroid hormones on fluorescence intensity.
The results of the experiment are shown in figure 4.6.
The left figure shows that the OD595 is increased by 0.27 in the presence of 3
mM testosterone. This increase in OD595 is lowered with decreasing testosterone
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Figure 4.6: Left: OD595 Right: Fluorescence intensity of bacteria containing
pFPV25.1 in the presence of a concentration series of testosterone.
concentration to the point where 250 µM has a negligible effect on the OD595.
The right figure shows that the fluorescence intensity is over 1.6 times lower in
the presence of 3 mM testosterone. Here too, concentrations of 250 µM and
lower have a negligible effect.
For the analysis of the experiments performed using the fluorescent bioreporter,
measured fluorescence intensity is corrected for growth using the measured
OD595 values. If the measured OD595 values are artificially increased and the
measured fluorescence intensity is artificially decreased in the presence of steroid
hormones, the final results are decreased twice. To compensate for the effect of
steroid hormones on both the OD595 and the fluorescence intensity, a correction
factor was determined experimentally and applied to all results obtained in
fluorescence experiments performed with steroid hormones. The determination
of this correction factor is explained in section 2.4 at page 41.
GFP is produced dose-equivalently in response to steroid hormones
E. coli TOP10 bacteria were transformed with plasmid pCMPG10654 and either
one of pCMPG10659-pCMPG10663, resulting in respectively Strong1RepA,
Weak1RepA, Weak2RepA, Strong2RepA and MediumRepA. These bacterial
strains should express repressor RepA continuously and have no or a low
expression of GFP in the absence of steroid hormones. When steroid hormones
are present, a dose-response of GFP expression should be seen. To verify this,
all five different strains were grown in the presence of either testosterone, 17β-
estradiol, 17α-ethinylestradiol, estrone or progesterone, after which fluorescence
measurements were performed. The results are shown in figures 4.7–4.11 where
the amount of fluorescence produced is shown in function of the binary logarithm
(log2) of the steroid hormone concentration. All data is fitted using a sigmoidal
dose-response fit as described in section 2.6, the R2-values obtained from these
fits are listed in table 4.2 and will be used as an objective standard.
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Figure 4.7: Fluorescence produced by bacteria containing pCMPG10654 and
either one of pCMPG10659-pCMPG10663 in the presence of testosterone
(concentrations 0 M, 0.45 µM, 0.9 µM, 1.9 µM, 3.9 µM, 7.8, µM, 15.625
µM, 31.25 µM, 62 µM, 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3
mM). Error bars show standard deviation, based on four replicates. The data
was fitted using a sigmoidal dose-response fit.
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Table 4.2: List of R2-values obtained from the sigmoidal dose-response fits of
the GFP production in response to steroid hormones testosterone, 17β-estradiol,
17α-ethinylestradiol, estrone or progesterone for bacteria transformed with
plasmid pCMPG10654 and either one of pCMPG10659-pCMPG10663. The
average of the R2-values for each steroid hormone is shown in the last row. The
average of the R2-values for each constitutive promoter containing plasmid is
shown in the last column. Empty boxes denote data for which no fit could be
obtained.
R2-value
Strain T E2 EE2 E1 P Average
Strong1RepA 0.4267 0.6661 0.8926 0.6574 0.8184 0.6922
Weak1RepA 0.7898 0.7818 0.9069 0.4187 0.9306 0.7656
Weak2RepA 0.7542 0.8074 0.8344 0.8638 0.8149
Strong2RepA 0.9408 0.8846 0.9627 0.4991 0.9447 0.8464
MediumRepA 0.7960 0.6885 0.7419 0.9339 0.7901
Average 0.7415 0.7552 0.8623 0.6024 0.8983
Figure 4.7 shows the production of GFP of Strong1RepA, Weak1RepA,
Weak2RepA, Strong2RepA and MediumRepA in the presence of testosterone.
All five plasmids are able to produce GFP in response to testosterone,
Weak2RepA, Strong2RepA and MediumRepA bacteria show a higher fluo-
rescence intensity than Strong1RepA and Weak1RepA. The R2-values (table
4.2) show that Strong2RepA bacteria produce the best dose-response production
of GFP in the presence of testosterone (R2 = 0.9408). Weak1RepA, Weak2RepA
and MediumRepA bacteria also produce GFP dose-responsely, albeit it to a
lesser degree than bacteria containing pCMPG10662 (R2-values are 0.7898,
0.7542 and 0.7960 respectively). However, Weak2RepA posesses the lowest
limit of detection, the linear part of the sigmoidal fit starts at 250 µM (binary
logarithmic value: -2) and a plateau has not been reached yet. Weak2RepA
bacteria can therefore detect concentrations testosterone concentrations from
250 µM and higher. The other bacteria strains have a higher limit of detection.
Figure 4.8 shows the production of GFP produced in the presence of 17β-
estradiol. There is a low production of GFP by all plasmids in response to
17β-estradiol, except for Strong2RepA bacteria which produce a high amount
of GFP in response to high concentrations of 17β-estradiol. Strong2RepA also
displays the best dose-response production of GFP (R2 = 0.8846). Strong2RepA
can detect 17β-estradiol concentrations of 1 mM (binary logarithmic value: 0)
and higher, possibly even higher than 3 mM since a plateau has not yet been
reached.
The production of GFP in response to 17α-ethinylestradiol is shown in figure
4.9. In general 17α-ethinylestradiol elicits a low production of GFP while the
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corresponding R2-values are relatively high. Strong2RepA produces a high
amount of GFP dose-responsely in the presence of 17α-ethinylestradiol (R2 =
0.9627). The other strains display a dose-response production of low amounts
of GFP. All strains can detect 17α-ethinylestradiol concentrations of 1 mM
(binary logarithmic value: 0) and higher, Strong2RepA can possibly detection
concentrations above 3 mM as well.
Estrone elicits the lowest amount of GFP production as can be seen in figure
4.10. Moreover, the R2-values for the experiments performed in the presence of
estrone are generally lower. Weak2RepA produces the best dose-response result
in the presence of estrone (R2 = 0.8344). All strains, except for MediumRepA
can detect estrone concentrations of 1 mM and higher.
Finally, progesterone generally elicits a low amount of GFP production. The
only exceptions are Strong2RepA and MediumRepA bacteria, the former of
which produces up to six times as much GFP as the other strains. Both
Strong2RepA and MediumRepA have a high R2-value (R2 = 0.9447 and R2 =
0.9339 respectively). All strains have a detection limit of 1mM.
In general it can be observed that Strong2RepA bacteria usually show the
highest amount of GFP production and the best dose-response result(i.e. high
R2-values, average over all hormones is R2 = 0.8464). Strong1RepA’s dose-
responseness is the lowest of all. Progesterone and 17α-ethinylestradiol elicit
the best dose-response production of GFP (average R2-values of R2 = 0.8983
and R2 = 0.8623 respectively. Estrone elicits the least dose-response production
of GFP and the lowest amount of GFP as well.
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Figure 4.8: Fluorescence produced by bacteria containing pCMPG10654 and
either one of pCMPG10659-pCMPG10663 in the presence of 17β-estradiol
(concentrations 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM). Error
bars show standard deviation, based on four replicates. The data was fitted
using a sigmoidal dose-response fit.
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Figure 4.9: Fluorescence produced by bacteria containing pCMPG10654 and
either one of pCMPG10659-pCMPG10663 in the presence of 17α-ethinylestradiol
(concentrations 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM). Error
bars show standard deviation, based on four replicates. The data was fitted
using a sigmoidal dose-response fit.
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Figure 4.10: Fluorescence produced by bacteria containing pCMPG10654
and either one of pCMPG10659-pCMPG10663 in the presence of estrone
(concentrations 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM).
Error bars show standard deviation, based on four replicates. The data was
fitted using a sigmoidal dose-response fit.
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Figure 4.11: Fluorescence produced by bacteria containing pCMPG10654 and
either one of pCMPG10659-pCMPG10663 in the presence of progesterone
(concentrations 125 µM, 250 µM, 500 µM, 1 mM, 1.5 mM, 2 mM, 3 mM).
Strong2RepA and MediumRepA produce substantially more GFP than the
other strains. Error bars show standard deviation, based on four replicates.
The data was fitted using a sigmoidal dose-response fit.
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4.3.2 Pyocyanin as reporter system
Design of a pyocyanin-producing steroid hormone bioreporter
The design of the pyocyanin-producing steroid hormone bioreporter is similar
to that of the GFP-producing steroid hormone bioreporter. The DNA sequence
of C. testosteroni containing the two operator sites was spliced to a DNA
fragment consisting of the phzM and phzS genes of pUCP-MS, upstream of
phzM. This splice product was cloned into plasmid pBBR1MCS-2 resulting in
plasmid pCMPG10657 (Fig. 4.12). Bacteria transformed with this plasmid
should express PhzM and PhzS constitutively and therefore convert PCA to
pyocyanin. However, bacteria transformed with plasmid pCMPG10657 are
unable to convert PCA to pyocyanin. Instead of blue pyocyanin a red pigment
is produced.
Figure 4.13 shows a more detailed scheme of the pyocyanin pathway of P.
aeruginosa to identify the possible source of the red pigment. Chorismic acid
is converted to PCA by the gene products of the two homologous operons
phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2. Subsequently, PCA is
converted to red 5-MCA by PhzM. 5-MCA in turn is converted to pyocyanin
by PhzS. However, PhzS can also convert PCA to 1-hydroxyphenazine (1-OH-
PHZ). Both 5-MCA and 1-OH-PHZ are red pigments [52, 122], which means
that probably either of these two is produced. If both PhzM and PhzS are
expressed, there should be pyocyanin production. This could mean that only
PhzM is expressed or only PhzS is expressed since either of these converts PCA
to a red-coloured pigment. Plasmid pCMPG10657 was constructed by placing
the two operator sites upstream of the phzM gene, it is therefore more likely
that PhzS is expressed insufficiently or not at all. To have an equal expression
of both genes, a second plasmid was constructed whereby the two operator
sites were placed upstream of phzS as well as upstream of phzM, this resulted
in plasmid pCMPG10664. Nonetheless, pCMPG10664 too is also unable to
convert PCA to pyocyanin, here too a red pigment is produced. The pigment
was subjected to chromatographic analysis and while its identity could not be
determined, PCA or 1-OH-PHZ have been excluded. This points to 5-MCA as
the red pigment, but this is still to be confirmed in future research.
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Figure 4.12: Design of plasmids pCMPG10657 and pCMPG10664. The phzM
and phzS genes of pUCP-MS were copied and placed in plasmid pBBR1MCS-2.
The two operator sites of C. testosteroni were copied and placed upstream of
the phzM gene to result in plasmid pCMPG10657. For plasmid pCMPG10664
the two operator sites were copied once more and placed upstream of the phzS
gene.
Figure 4.13: Detailed scheme of the pyocyanin pathway of P. aeruginosa.
Chorismic acid is converted to PCA by the gene products of the two homologous
operons phzA1B1C1D1E1F1G1 and phzA2B2C2D2E2F2G2. PCA is converted
to 5-MCA by PhzM from the phzM gene. 5-MCA is converted to pyocyanin by
PhzS, product of the phzS gene. PhzS can also convert PCA to 1-OH-PHZ.
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4.4 Discussion
Table 4.3: List of plasmids needed for the construction of bioreporters described
in this chapter.
Plasmid Function
pCMPG10658 Arabinose inducible RepA
pCMPG10659 Constitutive RepA (Strong1RepA)
pCMPG10660 Constitutive RepA (Weak1RepA)
pCMPG10661 Constitutive RepA (Weak2RepA)
pCMPG10662 Constitutive RepA (Strong2RepA)
pCMPG10663 Constitutive RepA (MediumRepA)
pCMPG10654 Production of GFP in the presence of steroid hormones
pCMPG10602 Production of enzymes that convert chorismic acid into PCA
pCMPG10657 Production of pyocyanin in the presence of steroid hormones
pCMPG10664 Production of pyocyanin in the presence of steroid hormones
In this chapter the steroid hormone responsive protein RepA and the two
operator sites it binds to were used as an input module and combined with
output modules GFP and pyocyanin, in an effort to create two whole-cell
bacterial steroid hormone bioreporters. The GFP-producing steroid hormone
bioreporter is able to detect the presence of testosterone starting from 250 µM,
17β-estradiol, 17α-ethinylestradiol, estrone and progesterone from 1 mM. We
were unable to construct a functional pyocyanin-producing steroid hormone
bioreporter.
The GFP expression of bacteria transformed with plasmids pCMPG10654 and
one of pCMPG10658-pCMPG10663 (table 4.3) is repressed in the absence of
steroid hormones. The separation of the two operator sites and repressor
RepA into two different plasmids was therefore succesful. However, high
concentrations of steroid hormones (> 250 µM) affect both absorbance and
fluorescence measurements. A correction factor was determined experimentally
and applied to the results. It should be noted that steroid hormones are
not detected in such high concentrations in the environment, measurements
of environmental samples would therefore not be affected and a correction
factor would not be needed. However, because the absorbance was reduced
and the fluorescence intensity increased by the correction factor, the results
of the measurements are evidently artificially increased. The corrected results
are exaggerated and skewed to what is expected and should therefore only be
regarded as an indication. Steroid hormones do not influence the pyocyanin-
producing bioreporter in the same way because there is no need for fluorescence
or absorbance measurements. For this reason, the results of the GFP-producing
bioreporter were to be used as a preliminary screen for the most optimal
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promoter/RBS combination, after which the system would be finetuned for both
the fluorescent and the pyocyanin-producing bioreporter. The results indicate
that the fluorescent bioreporter is able to detect the presence of all measured
steroid hormones in a dose-response manner. The most optimal combination of
plasmids is that of plasmids pCMPG10654 and pCMPG10662 (Strong2RepA).
Strong2RepA appears to yield the best results, both in dose-responseness and
amount of fluorescence produced. Weak2RepA (pCMPG10661) also displays a
decent dose-response relationship but the amount of measurable fluorescence is
significantly lower. Both are in stark contrast to Strong1RepA (pCMPG10659)
which displays both low dose-responseness and low measured fluorescence.
Nonetheless, both plasmid pCMPG10662 and pCMPG10659 contain a strong
constitutive promoter/RBS combination while plasmid pCMPG10661 contains
a weak constitutive promoter/RBS combination. Plasmids pCMPG10659 and
pCMPG10660 share RBS B0034, which is a high efficiency RBS [74], and differ
only in promoters, whereby the promoter of pCMPG10659 (J23100) has higher
constitutive activity than the promoter of pCMPG10660 (J23114) [73]. Plasmid
pCMPG10662 is made up of promoter J23110 (medium activity) and RBS
B0031 (weak efficiency), this results in a strong constitutive promoter/RBS
combination. The specific combination of J23114/B0034 and J23110/B0031
appear to be the best suited combinations to regulate the expression of repressor
RepA. All plasmids were retained for future use with the pyocyanin-producing
bioreporter as well.
The GFP-producing bioreporter uses the same components as COSS but the
results are vastly different since COSS is significantly faster and more sensitive.
The most important probable cause of this difference in result is the fact that
COSS uses C. testosteroni as its chassis while the bioreporter described in
this chapter incorporated C. testosteroni genes into E. coli. While RepA is
the main regulator of the 3α-HSD/CR gene, other regulators are active in C.
testosteroni such as RepB that binds to the transcribed 3α-HSD/CR mRNA
[64, 220, 221]. It was theorized that RepB would not bind the GFP mRNA and
would therefore not be helpful in the regulation of the proposed steroid hormone
bioreporter. Nevertheless RepB might have other effects on the expression
of 3α-HSD/CR. Likewise, regulator TeiR is a membrane bound kinase that
enhances the expression of steroid catabolic genes [64]. Literature states that
the presence of TeiR did not have a significant effect on the expression of
3α-HSD/CR [64]. This is proven by the sensitivity of the cell-free system where
membrane bound TeiR cannot exert any effects. Yet, all these regulators are
present in COSS, which displays better detection properties, so they might have
a significant effect on the expression of GFP after all. More research is needed
to identify the essential regulators of 3α-HSD/CR.
Another probable cause of the superior sensitivity of COSS might be that
the gfp gene is incorporated into the chromosome of C. testosteroni instead
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of using plasmids. Not having to use multiple plasmids decreases the risk
of the metabolic load having an influence on the growth and survival of the
culture and therefore on the detection of the steroid hormones [62]. In addition,
the separation of the operator sites and the RepA protein is less efficient as
compared to COSS where all concerned genes are in close proximity.
Lastly, even though steroid hormones are hydrophobic molecules that can freely
pass cellular membranes by means of diffusion [140], the cellular membrane
is still an obstacle that needs to be passed before a signal can be produced.
The cell-free COSS system bypasses the cellular membrane by removing it from
the setup. After the construction of a more robust E. coli-based bioreporter it
would be interesting to research a cell-free setup to improve on sensitivity.
Bacteria transformed with plasmid pCMPG10657 or pCMPG10664 (table 4.3)
were unable to produce pyocyanin, even in the absence of the repressor RepA.
As mentioned in chapter 3, plasmid pUCP-MS was constructed to study the
production of pyocyanin. The design of the plasmid might therefore not be
suitable for use as a reporter system. A balance has to be maintained between the
expression of both genes in order to produce pyocyanin. Plasmid pCMPG10657
was designed much like pUCP-MS, even though the two operator sites seem
to be more complicated than PBAD or PBC from the auxin bioreporter and
therefore unable to maintain the balance between the expression of the phzM
and the phzS gene in the current design.
pCMPG10664 is different in design because the two operator sites, together with
its promoter and RBS, was placed upstream of both gene phzM and gene phzS.
Since plasmid pCMPG10664 also fails to produce pyocyanin, a more suitable
explanation is needed.
One other possible explanation is that pyocyanin is a virulence factor and as
such displays antibiotic behaviour against bacteria, nematodes, fungi and plants
by causing the formation of reactive oxygen species [68, 104]. P. aeruginosa
not only adapted to withstand the toxicity of pyocyanin [12], studies have
demonstrated that phenazines, and pyocyanin in particular, are beneficial for
the competitiveness and survival of its producers [39, 123]. E. coli bacteria on
the other hand are greatly affected by pyocyanin, their cell growth is decreased by
the accumulation of reactive oxygen species. Although the pyocyanin-producing
genes are highly conserved in P. aeruginosa [123], E. coli will not conserve these
genes since its wild type does not contain the pyocyanin-producing genes and E.
coli has not got any evolutionary advantage in producing pyocyanin. Perhaps
an initial expression of pyocyanin exerts a evolutionary pressure on the E. coli
bacteria resulting in a loss of function mutation in either the phzM or phzS
gene. Such an evolutionary pressure, from the toxicity of pyocyanin, appears
to be absent in the pyocyanin-producing auxin bioreporter at first glance. But
there too, signs of accumulation of a phenazine, presumably 5-MCA, are present
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(Fig. 3.19–A and 3.18–A oxidation peak of -50mV). So either gene phzS is
susceptible to evolutionary change under pressure of virulence factor pyocyanin
or the expression is in some way hindered in the proposed design.
Another source of pressure on the growth of both the steroid hormone
bioreporters is the use of multiple plasmids [62]. Efforts were made to place
the two operator sites and the repA gene on one plasmid, but this has proven
to be very difficult due to the high similarity in DNA sequence of the operator
sites and the repA gene. The efforts were abandoned in favour of a multiple
plasmid system which probably has a detrimental effect on the function of the
bioreporters. Further research is needed to elucidate this.
In summary, the steroid hormone bioreporter’s production of two different
reporter systems (GFP and pyocyanin) was measured in response to five different
steroid hormones (testosterone, 17β-estradiol, 17α-ethinylestradiol, estrone and
progesterone).
The GFP-producing steroid hormone bioreporter, pCMPG10654&pCMPG10658-
pCMPG10663/TOP10, can detect all tested steroid hormones in a concentration
range of 250 µM–1 mM. However, a correction factor was applied to these results.
The construction of the pyocyanin-producing steroid hormone bioreporter was
unsuccesful as no construct was able to produce pyocyanin in response to steroid
hormones but the elements provided here can lead to the construction of an




5.1 Comparison of the constructed whole-cell bac-
terial bioreporters with traditional detection
methods
The previous two chapters described the design and construction of four
whole-cell bacterial hormone bioreporters, two auxins bioreporters and two
steroid hormone bioreporters, followed by the results obtained with these
bioreporters. In this chapter, the use of whole-cell bacterial bioreporters is
compared to traditional detection methods for hormones as described in section
1.5. Comparisons will be made in four categories: the speed with which
the hormones are detected, the convenience of the method and lastly the
sensitivity and specificity of the method. An overview of the comparison is
shown in table 5.1.
The time required to make measurements using the whole-cell bacterial
bioreporters is relatively short. First, an overnight culture of the appropriate
bioreporter is prepared. Next, the unknown quantity of hormones is added
to this culture and is left to incubate for 4–8 hours for bacteria containing
pCMPG10652 (auxins) and 24 hours for bacteria carrying pCMPG10654 (steroid
hormones). Results of measurements can be expected in 16–36 hours after
sample preparation has started. Traditional methods like MS/GC/LC and
immunoreporters can detect accurate concentrations in a manner of hours
[5, 78, 107, 109, 138, 211, 230], whereas methods that determine concentrations
based on biological effects require days to weeks for an estimate of estrogenicity
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[26, 57, 58, 145, 148, 164].
To measure an unkown concentration of hormones, whole-cell bacterial
bioreporters require little preparation and training. An overnight culture
of the appropriate bioreporter needs to be prepared. This culture needs to be
distributed to a microtiterplate for fluorescent measurements, or test tubes for
electrochemical measurements. Afterwards the unknown quantity of hormones
is added and left to incubate for 4 to 24 hours. The fluorescence measurements
are made using a microtiter plate reader, the electrochemical measurements
using the MEA and an autolab. Both are very easily taught and performed.
This in stark contrast to the methods that measure the concentration directly,
like MS/GC/LC or immunosensors [5, 80, 40, 78, 107, 110, 138, 230]. While
the preparation time for these experiments is shorter, they require extensive
training and are far more complex than the preparations required for whole-cell
bacterial bioreporters. Furthermore, the cost of immunosensors is rather high
[107, 138, 230]. The E-screen relies on the use of a breast cancer cell line which
requires laborious upkeep and intensive training [145, 181, 182]. For vitellogenin
assays live fish need to be transported to specific places in surface water after
which blood is collected through operation and chromatography. Finally, the
blood is analysed using ELISA [36, 57, 144, 148]. YES and YAS are relatively
labour-intensive because they make use of the lacZ reporter system [58, 164].
The DII-VENUS sensor plants are transplanted to a different medium after five
days and scanned every two to five minutes for two hours using a laser-scanning
confocal microscope followed by more elaborate tissue-specific kinetics [26].
An important addition to both speed and convenience of whole-cell bacterial
bioreporters needs to be made. While bioreporters are indeed fast and easy to
use, the construction of bacterial bioreporters requires a big initial investment
of both time and effort.
The GFP-producing auxin bioreporter, described in this work, is able to detect
4-HPA and PAA concentrations between 2 mg/L and 450 mg/L. The pyocyanin-
producing auxin bioreporter is able to detect 4-HPA concentrations between
289 µg/L and 2 mg/L and PAA concentrations between 2 mg/L and 17 mg/L.
The GFP-producing steroid hormone bioreporter is able to detect a variety
of steroid hormones in concentrations between 72 mg/L and 865 mg/L. The
pyocyanin-producing steroid hormone bioreporter is not able to detect any
steroid hormones. Table 1.1 at page 11 lists the steroid hormone concentrations
found in Flemish water bodies, these results show that the sensitivity of the
steroid hormone bioreporter is insufficient to detect environmental relevant
concentrations with respect to pollution. A bioreporter should preferably be
able to detect concentrations within the range of the inferred PNEC values.
Giridhar et al. demonstrated that externally added PAA concentrations between
0.5 mg/L and 2 mg/L are relevant concentrations for plant growth [38, 61], other
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studies report concentrations as high as 13 mg/L [234]. Both auxin bioassays
are therefore able to detect environmentally relevant concentrations. However,
MS/GC/LC and immunoreporters can detect concentrations as low as 10 pg/L
[78, 109, 211] and 50 ng/L respectively [66, 230]. The E-screen and YES/YAS
detect E2 concentrations as low as 3-8 ng/L [145, 164]. DII-VENUS has a
detection limit of 175 ng/L [26]. Both the steroid hormone bioreporter and
the auxin bioreporter are therefore low in sensitivity, especially compared to
the MS/GC/LC. This is currently the biggest disadvantage of this method, for
which some possible solutions are listed in section 5.4.
The auxin bioreporter is specific to 4-HPA and PAA, two compounds with a
similar structure.
For the steroid hormone bioreporter, further tests need to be performed to
more existensively determine the specificity of the reporter in response to other
EDC. MS/GC/LC and immunosensors can be made highly specific to steroid
hormones and auxins [5, 80, 40, 78, 107, 110, 138, 230]. Vitellogenin assays,
E-screen and YES/YAS are not specific to steroid hormones, they react to all
estrogenic compounds [36, 57, 58, 144, 145, 148, 164, 181, 182]. DII-VENUS is
very specific to auxin IAA [26].
The constructed bioreporters described in this work can compete with existing
methods in both speed and convenience but lack severely in sensitivity. The











Table 5.1: Table comparing the properties of each method.
Method Preparation time Measurement time Sensitivity Specificity
GC/LC-MS 1–2 h 1–2 h 10 pg/L specific molecules
Immunoassays >3 h 30 min 50 ng/L specific molecules
Vitellogenin assay 1 day 1–3 weeks ng/L estrogenic compounds
E-screen 1 day 6 days 8 ng/L estrogenic compounds
YES/YAS 1 day 1–3 days 3–8 ng/L estrogenic compounds
COSS (cell-based) 12 h 30 min 1.6 µg/L steroids
COSS (cell-free) 14 h 30 min 29 pg/L steroids
DII-VENUS 5 days 2 h 175 ng/L IAA
Bacterial bioreporters 12 h 4–24 h 2 mg/L
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5.2 Comparison of the constructed whole-cell bac-
terial bioreporters with existing whole-cell bac-
terial bioreporters and biosensors for organic
compounds
A large number of bioreporters and biosensors for the detection of organic
compounds already exists. These are relatively simple reporters that carry a
constitutively expressed responsive protein and a promoter which is regulated by
this protein followed by a reporter gene. In nearly all cases the bioreporter relies
on an optical reporter system [95, 174, 218]. They are therefore similar in design
to the fluorescent auxin bioreporter but different from the electrochemical auxin
biosensor and the steroid hormone bioreporter. The pyocyanin reporter system
is a very promising system since it can easily be integrated with a MEA or
other electrode setup to construct a biosensor. While fluorescent or bioluminent
bioreporters are often integrated with a fluorometer or luminometer, resulting
in a biosensor [22, 196, 207], the electrochemical biosensor is interesting because
it immediately transduces the signal of detection to an electrical system without
needing an intermediate signal (e.g. GFP or luciferase). This allows for the
construction of more compact biosensors, all it needs is a MEA that is adapted
to be used with pyocyanin-producing bacteria.
The production of pyocyanin itself on the other hand is a lot more complex
than that of GFP or luciferase. The pyocyanin reporter system consists of
two operons of genes needed to produce pyocyanin instead of a single gene as
for GFP and luciferase. This requires a larger effort from the bacterial cell,
moreover, since all these intermediate proteins need to expressed, a lot more
time is needed as well.
The detection of organic compounds by the auxin bioreporters is similar to
that of existing bioreporters whereby a single transcriptional regulator binds
the analyte and activates the expression of the reporter genes. Although the
steroid hormone bioreporter also consists of a single transcriptional regulator,
the regulation of the expression of the reporter genes is more complex because
the regulator gene overlaps with the gene it regulates. It has proven impossible
to place the regulator gene and the operator sites to which it binds in one
plasmid due to the high similarity in DNA sequence of the operator sites
and the regulator gene. This makes the steroid hormone detection system
unintentionally more complex than that of existing bioreporters. Additionally,
the need for multiple plasmids places a heavier load on the bacterial cells as
well.
In general, existing bioreporters and biosensors for organic compounds possess a
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detection sensitivity between 1 nM and 40 µM [205]. The bioreporters described
in this work are less sensitive and are constricted to concentrations above 2
µM for the auxin electrochemical biosensor, 30 µM for the auxin fluorescent
bioreporter and 250 µM for the steroid hormone bioreporter. This might be
caused by the higher complexity of both the detection and reporter systems
of these bioreporters. Literature on existing bioreporters is silent on how
the analytes pass the cellular membrane, this makes it hard to determine
whether existing bioreporters rely on transporter proteins or not. However,
as mentioned in chapter 3, incorporating an auxin transporter in the design
of the auxin bioreporter could increase its sensitivity to levels rivaling that of
existing bioreporters. Additional research on the effects on transporter proteins
on detection by bioreporters would therefore be useful for the entire field.
5.3 Should we use genetically modified organisms
as bioreporters/biosensors?
Since the conception of genetical engineering it has only become easier to
design and construct organisms adapted to certain environments or situations.
Synthetic biology opens the way to engineer living systems to improve our
quality of life, but it also creates the opportunity to engineer living systems
that can cause harm to human beings or the environment in general. We can
expect huge benefits from synthetic biology but there are risks as well. To
address these issues, several bodies and organizations have started discussions
to try and minimize the risks associated with synthetic biology [172]. This is
an on-going discussion and it is important to think in advance about all the
open questions in order to inform the public. Some of these open questions are
addressed in this section.
The most pertinent question regarding genetically engineered organisms is
whether or not these organisms should be used in situations were the risk exists
that genetically engineered organsims get introduced into the environment.
Several inherent risks are associated with this issue [180], including the creation
of new, or stronger pathogens, disruption of biotic communities and irreversible
loss in species diversity. While it is believed that with careful design and proper
planning genetically engineered organisms can be introduced with minimal
ecological risk [180], it is still impossible to foresee all outcomes of such an
introduction. Pleoiotropic effects (secondary phenotypic effects of a single gene
mutation) for example might be easily overlooked. Even though the genetic
alterations produced now are more precise and directed than those produced
using selection and other strategies, this does not ensure that unintended changes
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in the genome have been prevented or that all ecologically important aspects of
the phenotype can be predicted for the environment in which the organism will
be introduced. On the other hand, many engineered organisms will probably be
less fit than the original organism [194] due to an unbalanced metabolic load
or other disruptions inside the microbial cell. Genetically modified organisms
introduced in the environment might therefore disappear very fast. Either way,
the bioreporters constructed and described in this work are not going to be
introduced to the environment in the near future.
There are still a lot of unknowns in the debate of the use of genetically modified
organisms for bioremediation. These unknowns should be further investigated
so future risks can be reduced, preferably within the context of a scientifically
based regulatory policy [194]. At the same time it might be beneficial to inform
the public of these concepts in a relatable context to reduce the lingering fear
asociated with the use of genetically modified organisms.
One important question remains. While we possess the knowledge and
technology to create genetically modified organisms, is it ethical to do so?
Should mankind "toy with nature"? No one can really say for sure but I believe
that genetically engineered organisms can prove to be a huge contribution to
the future of mankind.
5.4 Future perspectives
Both the auxin and the steroid hormone bioreporter are able to detect their
respective analytes to a certain degree. Yet, there is still room for improvement
of both bioreporters, in particular to the limit of detection which is rather high
for the constructed bioreporters and should be decreased. In this section some
suggestions for improvement of the detection systems and the reporter systems
are offered as future perspectives.
The auxin detection system relies on auxin responsive protein HpaA that binds
4-HPA and PAA. Probably the biggest limitation of the constructed auxin
bioreporters is the transport over the cellular membrane. While literature and
experiments show that 4-HPA and PAA are able to pass the cellular membrane,
the limits of detection can probably be decreased by adding transporter protein
HpaX to the bioreporter. HpaX would actively transport 4-HPA in the cell
and reduce the time needed for a dose-response reporter molecule production
and reduce the detection limits [156]. For the fluorescent auxin bioreporter the
detection range is 31.25 µM to 3 mM. Prieto and García report a detection
range of 100 nM to 1 µM when transporter protein HpaA is expressed as well.
Introducing HpaX to the fluorescent auxin bioreporter might therefore lower
the detection range to 100 nM–1 µM. This means that concentrations between
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1 µM and 31.25 µM would not be detected. And since auxins are mostly active
in concentrations between 0.1 and 10 µM [114], this would be a disadvantage. A
bioreporter containing 4-HPA transporter protein HpaX should be constructed
and characterized to verify if this is the case. The use of a transporter protein
would only work for 4-HPA since no transporter proteins have been identified
yet for PAA or IAA [132, 183].
Additionally, a cell-free setup of the constructed bioreporters should be looked
into, similar to COSS [121]. Bacterial membranes form a barrier for the detection
of analytes, removing them should increase the sensitivity of the bioreporter.
With the recent identification of the iac genes, coding for enzymes that act in
the degradation of IAA [170], a bioreporter can possibly be constructed that
detects concentrations of IAA and possible other auxins with a similar structure
such as IBA and 4-Cl-IAA.
The steroid hormone input module uses steroid responsive protein RepA and two
operator sites to which RepA binds. A lot of time was lost in the construction
of this bioreporter because of the complexity of the input module. Firstly,
the two operator sites had to be spliced to the gfp gene to be able to express,
even one extra base between the second operator and the start codon of the
downstream gene made transcription impossible. Secondly, the high similarity
in DNA sequence of the operator sites and the repA gene caused multiple
problems that made it impossible to place the operator sites and the repA gene
in one plasmid. The latter can possibly be solved by buying a synthesized gene
fragment containing the DNA sequence of the operator sites and the repA gene.
This would reduce the number of plasmids needed, and therefore the metabolic
load on the bacterial cell.
Even though literature suggests that no regulators other than RepA are needed
for the function of the bioreporter [64, 220, 221], it might be possible that some
other regulator exists that explains the discrepancy in the results between COSS
and the bioreporters described here. A series of experiments on the expression
of GFP in the presence of all known regulators might identify a regulator that
improves the detection of steroid hormones.
Lastly, here too, a cell-free setup of the constructed bioreporters should be
looked into.
The GFP reporter system comprises the gfp gene. The induced cultures of
GFP-producing bioreporters is cultured at 37◦C in black 96-well plates with
clear bottoms. At these temperatures a part of the bacteria’s medium evaporates
which influences the results of the measurements significantly. By removing the
need for 96-well plates the reproducibility of the measurements will be increased,
as well as the reliability of the results. At the same time it would be interesting
to integrate the GFP-producing bioreporters with a detector and construct an
integrated fluorescent biosensor. This might possibly be achieved by using an
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optical fibre bundle as described in figure 1.3 [207].
The pyocyanin reporter system consists of two operons, one containing the
phzA2B2C2D2E2F2G2 genes, needed to convert chorismic acid to PCA, under
control of the PBAD promoter. The other operon contains genes phzM and
phzS that convert PCA to pyocyanin.
Since the response of the arabinose–PBAD system in individual cells to arabinose
concentrations is not linear [89, 176], it might be interesting to replace the
PBAD promoter with a constitutive promoter or the promoter of the lac operon
to ensure a more linear production of PCA. The promoter of the lac operon
is induced by the synthetic isopropyl-β-D-thiogalactoside (IPTG). IPTG can
freely pass the cellular membrane, in contrast to arabinose which requires active
transporters, and cannot be metabolized by the cell, also unlike arabinose.
This would increase the reproducibility of the bioreporter. Another solution is
just adding a specific concentration of PCA to the medium. Since PCA is a
small diffusible molecule that easily passes the cellular membrane [151] it is not
necessary to produce PCA internally. This would also reduce the number of
plasmids needed and therefore the metabolic load on the bacterial cell.
The additional peak of oxidation at -50 mV observed in figures 3.18–A, 3.19–A
and 3.20–A cannot be attributed to the presence of pyocyanin. The height of
the additional peak is inversely related to the concentration of auxin whereby
low concentrations show a higher peak at -50 mV. Therefore, another redox-
active molecule is being produced in the presence of low amounts of auxins,
even in the presence of IAA, which does not induce expression of pyocyanin
itself. This molecule is likely also a phenazine or a precursor since it oxidizes
at a negative voltage, but could not be identified yet. There are a number
of possible candidates for this phenazine since the conversion of chorismic
acid to pyocyanin has many intermediates. The most likely candidate is PCA
because this intermediate is produced continuously by the products of plasmid
pCMPG10602 while the expression of phzM and phzS, which would convert
PCA, at lower concentrations of auxins will be low. Thus the amount of
PCA will build up because it cannot be converted to pyocyanin. Nevertheless,
the oxidation of PCA happens at -400 mV [17] and not at -50 mV. The only
intermediate which oxidizes at approximately -50 mV is 5-MCA whose oxidation
happens at -70 mV and reduction at -100 mV [17]. 5-MCA is thus very likely
the intermediate phenazine that is visible on the voltammograms. 5-MCA is
converted from PCA by PhzM and is normally converted to pyocyanin by PhzS.
This might suggest that the expression of phzS is lower than that of phzM at
low concentrations of auxins. Here too, further research is needed to determine
the source of the accumulating molecule.
In the genome of P. aeruginosa, phzM and phzS are located on opposite ends
of operon phzA1B1C1D1E1F1G1, both with their own promoter. In pUCP-
MS, both genes were placed under control of one Plac promoter. pUCP-MS
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was originally constructed to study the production of pyocyanin and might
therefore not be suitable to use as a reporter system. An important future
adaptation to look into is a more efficient application of the phzM and phzS genes
whereby both are transcribed in equal fashion. This should reduce the possibility
of accumulation of intermediates and lead to a more efficient production of
pyocyanin.
Another solution to reduce the negative effect pyocyanin has on the growth and
survival of E. coli cells is to use the more pyocyanin resistant E. coli strain
[208], specifically created to perform pyocyanin-producing experiments with E.
coli.
Finally the pyocyanin biosensor can be improved as well. The MEA used in all
the experiments is a generic MEA with a bulky setup. The design of a specific
MEA, adapted to be used with the pyocyanin-producing bioreporter, could
improve the reproducibility and sensitivity of the biosensor. Furthermore, The
MEA might possibly be adapted in such a way to realize in situ applications of
a steroid hormone biosensor.
Although the bioreporters constructed in this work are able to dose-responsely
detect auxins and steroid sex hormones, the future perspectives listed above
show that there is still much room for improvement. The constructs presented
here can therefore serve as preliminary bioreporters that can be improved in
the future for the construction of efficient, sensitive hormone bioreporters.
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